Structural and swelling studies of normal, dried and extracted corneal stroma by Whitburn, Susan Barbara
Open Research Online
The Open University’s repository of research publications
and other research outputs




Whitburn, Susan Barbara (1981). Structural and swelling studies of normal, dried and extracted corneal stroma. PhD
thesis The Open University.
For guidance on citations see FAQs.
c© 1981 The Author
Version: Version of Record
Link(s) to article on publisher’s website:
http://dx.doi.org/doi:10.21954/ou.ro.0000f905
Copyright and Moral Rights for the articles on this site are retained by the individual authors and/or other copyright
owners. For more information on Open Research Online’s data policy on reuse of materials please consult the policies
page.
oro.open.ac.uk
j ) 6 r ô S 7  / s 5
U N  R E S T R IC T  e ])
STRUCTUBAL AND SHELLING STUDIES OF MORMAL. 
. DRIED AND EXTRACTED CORNEAL STROMA
Thesis subm itted fo r  the degree of Doctor of Philosophy 
in  the  D isc ip lin e  of Biophysics 
ty
Susan Barbara Whitburn, B.A,
Open U n iversity  June 1981.
T 1  g  c t v  i O r ,  .
ProQ uest Number: 27777231
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent on the quality of the copy submitted.
in the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 27777231
Published by ProQuest LLC (2020). Copyright of the Dissertation is held by the Author.
Ail Rights Reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.
ProQuest LLC 
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106 - 1346
Dedication
To Jacqueline and Melanie,
ABSTRACT
Corneal stroma i s  an unusual t is s u e  in  th a t  normally i t  i s  
tra n sp a re n t to  v is ib le  l ig h t .  Loss of transparency  in  v i t r o  or in  vivo 
i s  a sso c ia ted  w ith an in crease  in  w ater content (h y d ra tio n ) . The s tru c tu re  
of the  stroma in  normal and swollen s ta te s  i s  of in te r e s t  in  understandr- 
ing the  process by which the  t is s u e  becomes opaque.
Several experim ental techniques were used to  in v e s tig a te  the 
s tru c tu re  and p ro p e rtie s  of specimens of cornea t re a te d  in  various ways. 
F resh , p re -d rie d  and e x trac ted  specimens were used to  study changes in  
sw elling  r a te .  Glycosaminoglycans were ex trac te d  w ith s a l t  and enzyme 
so lu tio n s , and a lso  p re c ip ita te d  in  s i t u . Inorganic ions were e x tra c te d  
with d i s t i l l e d  w ater and a n a ly s is  of these  c a rr ie d  out by flame photo­
m etry. Low-angle X-ray d if f r a c t io n  was used to  m onitor the  change in
i n t e r f i b r i l l a r  spacing with hyd ration , and the high in te n s i ty  synchrotron
X-ray source enabled la rg e r-a n g le  re f le c t io n s  to  be d e tec ted , and the  
change in  these w ith hydration  was a lso  in v e s tig a te d . Charge p ro p e r tie s  
were s tu d ied  by m onitoring the  pH of the bathing so lu tio n , and by meas­
uring  the p o te n tia l  d iffe ren ce  between the  stroma and the  bath ing  s o lu t­
ion ; from which the  fix ed  charge concen tra tion  due to  the  macromolecular 
m atrix  was ca lc u la ted . Frozen sec tio n s  of cornea a t  p h y s io lo g ica l and
h igher hydrations were s ta in ed  by a double-antibody technique and viewed
with a fluorescence microscope.
R esu lts from these  experiments suggest a s tru c tu re  f o r  th e  
stroma which i s  le s s  ordered than was p rev iously  thought. The X-ray 
re f le c t io n s  a t  h igher angles d id  not show the  expected dependence on 
hydration  f o r  an ordered l a t t i c e .  The change in  i n t e r f i b r i l l a r  spacing 
w ith hydration  in d ica ted  th a t  the  f i b r i l s  probably e x is t  as bundles 
sep ara ted  by 'l a k e s ';  a conclusion supported by the  microscopy. P re ­
dry ing , and e x trac tio n  of glycosaminoglycans produced a red u c tio n  in
sw elling , but e x tra c tio n  of inorgan ic  ions produced an in c rease , thus 
in d ic a tin g  th a t  these  m olecules are involved in  the sw elling  p re ssu re , 
and probably, in  a sso c ia tio n  w ith ino rgan ic  ions, r e s t r i c t  the sw elling  
of p re -d ried  cornea. That th i s  r e s t r i c t io n  occurs between the f i b r i l s  i s  
in d ic a te d  by the h igher p roportion  of lake  w ater in  p re -d r ie d  specimens. 
M atrix f ix e d  charge concen tra tion  of f re s h  cornea was shown to  in c rease  
w ith pH, and to  be considerably  h igher f o r  p re -d rie d  specimens, and fo r  
f re s h  in  a ch lo rid e -co n ta in in g  bathing so lu tio n ; thus confirm ing the  
ex isten ce  of la k e s , and suggesting  binding of ch lo rid e  to  the m atrix .
ACKNOWLEDGEMENTS
I  Would l ik e  to  thank my su p erv iso r, P ro fesso r G. P. E l l i o t t ,  
f o r  th re e  years of help and guidance, as w ell as f o r  i n i t i a t in g  these  
s tu d ie s . Mr. Ken B all taugh t me the immunofluorescence technique and 
allowed me the use of h is  lab o ra to ry  a t  the  Canadian Red Gross Memorial 
H o sp ita l. Thanks a lso  to  Dr. Michel Koch and Dr. Joan Bordas a t  EMBL, 
Hamburg, w ithout whom the synchrotron X-ray work could no t have been 
done. Dr. Zebra Sayers has read  th is  th e s is  a t  i t s  v a rio u s  s ta g e s , and 
has made many h e lp fu l comments, as w ell as a s s is t in g  me w ith the  synchr­
otron X-ray work.
I am a lso  indebted to  the  many fr ie n d s  and co lleagues who have 
helped w ith d iscu ss io n s , p ra c t ic a l  a s s is ta n c e  and moral support. In 
p a r t ic u la r ,  Mrs. Dawn C o llin s , Mr. P e te r  Finnimore and Mrs. Rosemary 
Hughes fo r  te c h n ic a l a s s is ta n c e  and Dr. Derek Cummings f o r  help w ith  
the computing.
F in a lly , I  must thank my husband, Terry, f o r  p rovid ing  moral 
support and encouragement when i t  was most needed.
LIST OF CONTENTS
Chapter 1 In tro d u c tio n  Page
1.1 The s tru c tu re  of the com eal strom a. 1
1.2 The transparency  of the cornea. 2
1.3 The o rig in  of the sw elling  p re ssu re . 3
1.4 The com eal p ro teoglycans. 5
1.5 The p rese rv a tio n  of corneal specimens. 8
1.6 The purpose of th is  th e s is .  8
Chapter 2 M ate ria ls  and Methods I  -  P repara tion  of Specimens 11
2.1 E x trac tio n  11
.1 Sodium ch lo rid e  e x tra c tio n . 12
.2 Guanadine hydrochloride e x tra c tio n . 12
.3 Enzyme e x tra c tio n . 13
.4 Cetyl pyridinium  ch lo rid e  trea tm en t. 13
Chapter 3 M ate ria ls  and Methods I I  -  Experim ental Techniques 14
3.1 Swelling in  d i s t i l l e d  w ater. 14
.1 Fresh and p re -d rie d  cornea. 14
.2 E x tracted  com ea. 15
3 .2  X-ray d if f r a c t io n .  15
.1 The apparatus. l6
.2 Determ ination of the i n t e r f i b r i l l a r  spacing. l6
3.3  ' Inorganic ion a n a ly s is . 20
.1 Absorption flame photometry. 20
3.4  Change in  pH of bathing so lu tio n . 24
3.5  M icroelectrode measurements. 26
.1 The appara tus. 26
.2 Bathing so lu tio n s . 26
•3 The measurements. 28
3.6  Microscopy. 30
.1 Raising an tib o d ie s . 30
.2 Testing the serum. 31
.3 Immunofluorescence s ta in in g . 31
.4 Photomicroscopy. 32
.5 A cridine orange and Eosin and Haematoxylin s ta in in g . 32
Chapter 4 R esu lts  3^
4 .1  Swelling in  d i s t i l l e d  w ater. 3^
.1 Fresh and p re -d ried  cornea. 3^
.2 E x tracted  com ea. 40
.3 F u rth er sw elling of f re s h  and p re -d rie d  com ea. 42
.4 General observations. 49
4 .2  X-ray d if f r a c t io n .  50
.1 F i r s t  order i n t e r f i b r i l l a r  spacing. 50
.2 D is tr ib u tio n  of w ater in  the com eal strom a. 58
.3 Higher orders of the  i n t e r f i b r i l l a r  spac ing . 62
4 .3  Inorganic ion a n a ly s is . 65
4 .4  Change in  pH of bathing so lu tio n . 6?
4 .5  M icroelectrode measurements. 71
4 .6  Microscopy. 84
.1 Testing the serum. 84
.2 Immunofluorescence. 84
.3 A cridine orange and Eosin and Haematoxylin s ta in in g . 91
Chapter 5 D iscussion . 93
5.1 The e f fe c ts  of p re-d ry ing  com eal strom a. 93
.1 Swelling in  d i s t i l l e d  w ater. 93
.2 D eterm ination of i n t e r f i b r i l l a r  spacing by X-ray
d if f r a c t io n  94
.3 The s tru c tu re  from microscopy s tu d ie s . 96
.4 M icroelectrode measurements. 97
•5 The e x tra c tio n  of ino rgan ic  io n s . 99
.6 A model f o r  corneal hydration . 99
5 .2  The e f fe c ts  o f e x tra c tio n . 100
5.3  The io n isa tio n  of the macromolecular m atrix . 101
5.4  Conclusion. 102
5.5  Suggestions fo r  fu r th e r  work. 104
Appendix I  105
Appendix I I  l l4
References 127
TABLE OF ILLUSTRATIONS
Chapter 3 » ’Ps.ge
F ig . 3.1  Schematic diagram of the arrangement of collagen
f i b r i l s  in  the  ox cornea. 18
3.2  Standard curve f o r  sodium determ ina tions. 21
3.3  Standard curve fo r  potassium determ ina tions. 22
3.4  Standard curve fo r  ch lo ride  determ ina tions. 23
3*5 Apparatus f o r  measuring the change in  pH of the
bath ing  so lu tio n  when com ea sw ells . 25
3.6  The m icroelectrode technique. 27
Chapter 4 .
F ig . 4 .1  F i r s t  and second sw ellings of fre sh  cornea in
d i s t i l l e d  w ater. 37
4 .2  F i r s t  and second sw ellings of p re -d rie d  cornea in  
d i s t i l l e d  w ater. 38
4 .3  F i r s t  sw ellings of f re sh  and p re -d rie d  cornea in  
d i s t i l l e d  w ater. . 39
4 .4  Swelling of sodium ch lo ride  and chondro itinase 
ex tra c te d  cornea in  d i s t i l l e d  w ater. 45
4 .5  Swelling of guanadine hydrochloride and c e ty l 
pyridinium  ch lo ride  ex trac ted  cornea in
d i s t i l l e d  w ater. 46
4 .6  Third and fo u rth  sw ellings of fre sh  and p re -d rie d
com ea in  d i s t i l l e d  w ater. 48
4 .7  Higher order i n t e r f i b r i l l a r  and collagen r e f le c t io n s -  
s t r i p  of fre sh  cornea mounted h o r iz o n ta lly . 53
4 .8  Higher order i n t e r f i b r i l l a r  and collagen r e f le c t io n s -  
s t r i p  of fre sh  cornea mounted v e r t ic a l ly .  53
F ig . 4.9  F i r s t  o rder i n t e r f i b r i l l a r  re f le c t io n s  -  s t r i p  of
f re sh  com ea mounted h o r iz o n ta lly . 54
4.10 F i r s t  order i n t e r f i b r i l l a r  re f le c t io n s  -  d isc  of
cornea a t  hydration  4 .3 ,  from GX I 3 . 54
4.11 D etecto r tra c e  from p re -d rie d  d isc  of cornea. 55
4.12 D etecto r tra c e  from fre sh  s t r i p  o f com ea. 5&
4.13  V aria tion  of ( i n t e r f i b r i l l a r  spacing) w ith
hydration  fo r  f re sh  and p re -d r ie d  com ea. 57
4.14  Change of pH of bath ing  so lu tio n  when cornea sw ells . 68
4.15  M atrix f ix e d  charge x hydration  ag a in s t pH fo r  sodium 
ch lo rid e  e x trac ted  com ea. 79
4.16  V aria tion  in  m atrix  f ix e d  charge x hydration  w ith pH
. fo r  f re sh  com ea. 80
4.17  M atrix f ix ed  charge x hydration  ag a in s t pH fo r  f re sh
and p re -d rie d  cornea. 81
4.18 M atrix fix ed  charge x hydration  ag a in s t pH fo r  f re sh  
cornea in  an a l l  phosphate bath ing  so lu tio n  and in  one 
con tain ing  8mM ch lo rid e . 83
4.19  Ouchterlony p la te  s ta in e d  w ith Coomassie Blue. 85
4.20 Micrograph -  f re s h  com ea. 86
4.21 Micrograph -  f re sh  cornea swollen fo r  4 hours in  
d i s t i l l e d  w ater. 86
4.22 Micrograph -  p re -d r ie d  cornea rehydrated  in  d i s t i l l e d  
w ater. .87
4.23  Micrograph -  p re -d r ie d  com ea swollen f o r  4 hours in  
d i s t i l l e d  w ater. 87
4.24 Micrograph -  cornea ex tra c ted  with O .I5M sodium 
ch lo rid e  so lu tio n . 89
4.25  Micrograph -  co n tro l specimen f o r  sodium ch lo rid e  
e x tra c tio n . 89
F ig . 4.26  Micrograph -  f re sh  com ea s ta in e d  with p ig  in v e r te b ra l
d isc  proteoglycan antiserum . 90
4.27  Micrograph -  f re s h  com ea s ta in e d  with A cridine Orange. 92
4 . 2 8  Micrograph -  f re sh  com ea s ta in e d  with eosin  and
haem atoxylin. 92
Chapter 5 »
F ig . 5.1  Two dim ensional s ec tio n  of a  reg ion  in  which sev e ra l
chain molecules are  approxim ately p a r a l l e l . 95
5.2  V aria tio n  of p o te n tia l  across  the  i n t e r f i b r i l l a r
sp ace . 98
CHAPTER 1
In tro d u c tio n .
The cornea forms p a r t  of the outermost coat of the  eye. The la rg e r  
p a r t  of th i s  p ro te c tiv e  tu n ic  i s  th e  s c le ra , which un like  th e  com ea, i s  
no t tra n sp a re n t. In  the  normal eye, th e  com ea and the  s c le ra  are  sub­
jec te d  to  considerab le  p ressu re  from the  in te ro c u la r  f lu id ,  which e x e rts  
a p ressu re  of 10 -  20 mm Hg. (Leydhecker, Akiyama and Neumann, 1958)*
The s tru c tu re  of both t is s u e s  i s  thus req u ired  to  be such as to  provide 
the  s tren g th  and e l a s t i c i t y  necessary  to  w ithstand  th i s  p re ssu re . A ddit­
io n a lly , the  cornea must be tra n sp a re n t to  v is ib le  l ig h t  and have a r e f ­
ra c tiv e  index such th a t  a considerab le  amount of the  focusing  of the  eye 
takes p lace a t  i t s  su rface .
1.1 The s tru c tu re  of th e  corneal strom a.
The stroma i s  the  c e n tra l and la rg e r  p a r t  of the cornea. I t  i s  
bounded on th e  a n te r io r  su rface  by Bowmans membrane and the ep ithelium , 
and on the  p o s te r io r  su rface  by Descemets membrane and the  endothelium . 
(More d e ta i l  of the anatomy of the  cornea can be found in  Davson, 1980).
The normal corneal stroma i s  about ?8^ w ater and 15^ co llagen  by 
weight. The o ther 7f° of the s o lid  c o n s titu e n ts  include 5% o th e r  p ro te in s ,
0 .7^ kera tan  su lp h a te , 0.3% chondro itin  su lphate  and 1% s a l t s .  (M aurice, 
1969) . The collagen m olecules, as in  o ther connective t i s s u e ,  are  a rran g ­
ed as f i b r i l s ;  w ith uniform diam eters un like  those of s c le ra  and o th e r 
collagenous t is s u e s ,  where the  f i b r i l s  vary considerab ly  in  s iz e .  
(Borcherding, B lacik , S i t t ig ,  B iz z e ll , Breen and W einstein, 1975)• The 
com eal stroma co n s is ts  of la y e rs  or ' la m e lla e ' ,  w ith the f i b r i l s  w ith in
2,
one lajnmella ly in g  roughly p a r a l le l  to  each o th er, but no t to  those in  
neighbouring lammellae. (See diagram in  f ig u re  3.1 chap ter 3)* The c o l l ­
agen f i b r i l s ,  and the lammellae, l i e  p a r a l le l  to  the su rface  of the
com ea.
1 .2  The transparency  of the co rnea.
Under normal conditions th e  com ea i s  tra n sp a re n t to  v is ib le  l ig h t ,  
but sw ollen com ea in  vivo or in  v i t r o  becomes opaque. In  f a c t ,  i t  i s  
su rp r is in g  th a t  the  cornea, being b u i l t  up of f i b r i l s  w ith diam eters 
sm aller than the wavelength of v is ib le  l ig h t ,  should be tra n sp a re n t a t  
a l l .  Maurice (195?)» from an examination of the  b ire frin g en ce  of the  
com ea, showed th a t  th e  s iz e  of the  f i b r i l s  and the d iffe re n c e  in  r e f r ­
a c tiv e  index between them and the  ground substance suggests th a t  in c id e n t 
l ig h t  w il l  be s c a tte re d  and the  t is s u e  appear opaque. However, he a lso  
showed th a t  th is  s c a tte r in g  of l ig h t  w ill no t occur i f  th e  f i b r i l s  are  
of uniform diam eter and are arranged in  p a r a l le l  rows. In  th i s  s i tu a t io n  
the d i f f r a c te d  rays w ill  tend to  cancel each o ther out by d e s tru c tiv e  
in te rfe re n c e , and leave the u n d iffra c te d  rays u n affec ted . H art and 
F a r re l l  ( I 969) suggest th a t  only sh o rt range ordering i s  req u ired  and 
the  r e g u la r i ty  of spacing need no t extend over many wavelengths in  any 
reg ion .
Goldman and Benedek (196?) re p o rt th a t  the  theory  of the  s c a t te r ­
ing of l ig h t  from random array s shows th a t  la rg e  amounts of s c a t te r in g  
and consequent opacity  r e s u l ts  only i f  th e re  are  s u b s ta n tia l  f lu c tu a tio n s  
in  the index of re f ra c t io n  which take p lace over d is ta n c e s  comparable to  
or la rg e r  than the  wavelength of l i g h t .  L a te r  (Goldman, Benedek, Dohlman 
and K ra v it t ,  I 968) they  re p o rt f in d in g  'la k e s ' in  swollen cornea, both  
w ith in  and between lammellae, w ith dimensions g re a te r  than A /2n ( i . e .
3'^200nm), which could account f o r  the s c a tte r in g  of l ig h t  of wavelength 
A . However, Maurice (1957) suggests th a t  sw elling  between lammellae 
should produce i r r id is c e n c e , and th i s  i s  not observed.
1.3 The o rig in  of the sw elling  p re s su re .
I f  exised com eal stroma i s  placed in  an aqueous bath ing  so lu tio n , 
i t  w il l  sw ell to  many tim es i t s  o r ig in a l s iz e . In  vivo or during in  v i t r o  
experim ents on v iab le  in ta c t  com ea, the hydration  of the t is s u e  i s  kept 
constan t by a 'm etabolic  pump' lo ca te d  in  the endothelium . (Mishima and 
Kudo, 1967) .  The scrap ing  of the  su rface  removes th ese  c e l l s  and thus 
th e re  i s  no ac tiv e  tra n sp o r t out of the t is s u e  to  oppose the
in flu x  due to  the sw elling  p re ssu re . S im ilar sw elling  (w ith  the a s s o c ia t­
ed opacity ) can be observed in  vivo when the endothelium i s  damaged, or 
when the  in te ro c u la r  p ressu re  in c reases  above normal due to ,  fo r  in s ta n c e , 
blockage of the drainage channels in  the tra b e c u la r  meshwork.
P ieces of com eal stroma in  aqueous so lu tio n s  do n o t, however, 
sw ell equally  in  a l l  d ire c tio n s , bu t in c rease  only in  th ick n ess  along 
the o p tic a l ax is . ( ie .  p e rpend icu lar to  the  plane of the  lam m ellae). The 
th ick n ess of the com ea i s  l in e a r ly  re la te d  to  i t s  hyd ra tion  (Hedbys and 
Mishima, I 966) , and any change a t  r ig h t  angles to  the o p tic a l  ax is  i s  
unde tec tab le . I t  i s  a lso  p o ssib le  to  measure the r a te  of flow  of w ater 
through the stroma. Hedbys and Mishima ( I 962) found th a t  th e  r e s is ta n c e  
to  Water flow  was the  same both along the  optical, ax is  and in  any d i r e c t ­
ion perpend icu lar to  i t ,  fo r  hydrated cornea. I f  the  specimen was d r ie d , 
a much h ig h er re s is ta n c e  to  w ater flow  was observed in  th e  d ire c t io n  of 
the o p tic a l a x is . This was explained by p o s tu la tin g  channels, p a r a l le l  
to  the f i b r i l s ,  remaining open in  dry t is s u e ,  whereas the  f i b r i l s  them­
se lves are  g en era lly  too close to  allow  easy flow of w ater. Enzyme d ig -
4e s tlo n  of the  glycosaminoglycans g re a tly  decreases the  re s is ta n c e  to
w ater flow  (Hedbys, I 963) ,  suggesting  th a t  i t  i s  these  co n s titu e n ts  of 
the strom a th a t  co n trib u te  the  m ajo rity  of the  r e s is ta n c e .
Although the glycosaminoglycans in crease  the  re s is ta n c e  to  w ater 
flow through the cornea, i t  seems l ik e ly  th a t  they  co n trib u te  to  the 
sw elling  p ressu re , e sp e c ia lly  as treatm ent w ith c e ty l pyridinium  ch lo rid e , 
which p re c ip i ta te s  glycosam inoglycans, causes a reduction  in  the  sw elling  
r a te  (Hedbys, I 96I ) .  H art and F a r r e l l  (1971) suggest th a t  the sw elling  
p ressu re  of the  strom a can be described  as the  sum of fo u r  con tribu tions*  
an excluded volume e f f e c t ,  a negative  e la s t i c  co n trib u tio n  d eriv in g  from 
the  s p r in g - lik e  ch a rac te r  of the  glycosaminoglycan chains, sh o rt-ran g e  
chain -so lven t in te ra c tio n s  and a Dorman term a r is in g  from f re e  n eg a tiv e ly  
charged s i t e s  in  the  t is s u e .  The a c tu a l co n trib u tio n  a t t r ib u te d  to  each 
v a r ie s . Friedman, Kearns, M ichenfelder and Green ( I 972) f in d  th a t ,  in  
ra b b it  cornea, about h a lf  of the sw elling  p ressu re  a t  normal hydration  
i s  Donnan-osmotic, and th a t  th i s  i s  s e n s it iv e  to  the  m olecular o rg an is- 
a tio n  of the ground substance between the  f i b r i l s  (Friedman and Green,
1971) .  This i s  a lso  th^ conclusion of Hedbys ( 1963) who measured th e  
osmotic g rad ien t due to  ions as 1.4mM, out of a t o ta l  sw elling  p ressu re  
o f 3.5mM. Hodson ( 197I )  concludes th a t  the  main cause of sw elling  i s  the  
Donnan p o te n tia l ,  and th a t  a t  p h y s io lo g ica l hydration , when sw elling  
p ressu re  = im b ib ition  p ressu re  (Hedbys, Mishima. and M aurice, I 963) ,  h is  
th e o re t ic a l  treatm en t suggests th a t  th e re  i s  no e le c t r o s ta t i c  rep u ls io n  
or ra d ia l  c ro ss lin k in g  between the  f i b r i l s .
The macromolecular m atrix  of the  com eal strom a c a r r ie s  an o v e ra ll 
negative charge, due mainly to  the glycosaminoglycans s ince  a t  physio­
lo g ic a l  pH the co llagen i s  c lose to  i t s  i s o e le c t r ic  p o in t ( P i r ie ,  1947). 
Changing the pH of the  bathing so lu tio n  w ill  a l t e r  the o v e ra ll  charge of
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the  m atrix  (Goodfellow, 1975)i and thus the Donnan-osmotic co n trib u tio n  
to  the sw elling  p ressu re . Varying the  sodium ch lo rid e  concen tra tion  of 
th e  bathing so lu tio n  changes the concentration  of sodium and ch lo ride  
found in  the  t is s u e  a t  equ ilib rium  (Green, H astings and Friedman, 197l). 
Green e t  a l  concluded th a t  the  sodium binds to  th e  macromolecular m atrix  
and the ch lo rid e  does n o t, but the d a ta  presen ted  i s  no t in c o n s is te n t 
w ith ch lo rid e  binding.
The r a te  of sw elling  of com eal stroma in  aqueous so lu tio n s  depends 
on the  pH and io n ic  s tre n g th  of the bath ing  so lu tio n . (Goodfellow, 1975, 
E l l i o t t ,  Goodfellow and Woolgar, 1980). The sm a lle s t sw elling  r a te  i s  
observed a t  low pH (<^4), and the g re a te s t  in  d i s t i l l e d  w ater. In d i s t ­
i l l e d  w ater the  i n i t i a l  r a te  of sw elling  i s  very high and drops to  about 
zero in  sev e ra l hours. However, o th e r so lu tio n s  produce a sw elling  r a te  
th a t  i s  i n i t i a l l y  much slow er, but shows no sign  of approaching zero 
a f t e r  sev e ra l days.
1.4 The corneal p ro teog lycans.
Although the arrangement of the  collagen f i b r i l s  can be in fe r re d , 
a t  l e a s t  to  some degree, from e lec tro n  m icrographs, i t  i s  more d i f f i c u l t  
to  define  the p o s itio n  and s tm c tu re  of the  pro teoglycans and glyco­
p ro te in s  . F ranco is, Rabaey and Vandermeersche (1954) and Hogan, Alvarado 
and Weddell ( l9 7 l)  found th a t  the  co llagen f i b r i l s  in  the  com eal strom a 
appeared to  be covered with a dense coat of g ranu les; Borcherding e t  a l  
( 1975) supposed th a t  these  g ranules were proteoglycan m olecules on the  
su rface  of the  f i b r i l ,  and th a t  th e  mutual rep u lsio n  of th ese  h ig h ly  
changed molecules would cause the  p ro te in  cores to  be o rie n te d  perpend­
ic u la r  to  the f i b r i l ,  and th a t  the n eg a tiv e ly  charged f i e ld  produced 
would be ab le  to  m aintain the s p a t ia l  re la t io n s h ip s  of th e  f i b r i l s .
6G ranular m a te ria l has a lso  been observed by Goldman e t  a l  ( I 968) in  the 
wide in te rlam e lla rsp a ces  he found in  swollen com eal strom a.
Kaye, G rem er-Bartels, Buddecke and Dische (1976) ex trac te d  the  
glycosaminoglycans from the cornea using sodium ch lo rid e  and calcium 
ch lo ride  so lu tio n s . Subsequent e lec tro n  m icroscopical examination of the 
specimens revealed  no lakes or o th er in te rru p tio n s  to  the co llagen  m atrix  
when sodium ch lo ride  alone was used, except th a t  the p e r io d ic ity  of the  
co llagen f i b r i l s  became more d i s t in c t .  Calcium ch lo rid e  e x tra c tio n , 
however, destroyed the s tm c tu re  and produced sh o r te r  f i b r i l s .  D ische, 
Grem er-Bartels and Kaye (1978) found much the  same r e s u l t s ,  and concluded 
th a t ,  as sodium ch lo rid e  only ex tra c te d  a p roportion  of th e  proteoglycans 
p resen t (^ 8 0 ^ )  and calcium ch lo rid e  was ab le to  e x tra c t  th e  m ajo rity  of 
the r e s t ,  the  proteoglycans in  th e  com ea were of two d i f f e r e n t  ty p es .
They suggest th a t  the  proteoglycans ex tra c ta b le  only by calcium ch lo rid e  
are involved in  the  reinforcem ent of the head to  t a i l  ju n c tio n  of the 
collagen molecules in  the  f i b r i l s .
H assel, Newsome and H ascall (1979) and Axelsson and Heinegard 
( 1978) used 4M guanidine hydrochloride to  e x tra c t  the pro teoglycans from 
Rhesus monkey and bovine com ea, re sp e c tiv e ly . Both groups obtained 
proteoglycan f ra c tio n s  but H assel e t  a l  were able to  sep a ra te  two 
d if f e r e n t  proteoglycans by using d is so c ia tiv e  cond itions whereas Axelsson 
and Heinegard were unable to  do th i s  under a s so c ia tiv e  cond itions -  
suggesting some in te ra c t io n  between the two molecules invo lv ing  weak 
bonding in te ra c t io n s .  The two proteoglycans found proved to  be very 
d if f e r e n t  from those ex trac ted  from c a r t i la g e . G artilag e  p ro teoglycans 
contain  about 10^ p ro te in  w ith about 100 chondro itin  su lp h a te  and 50 
k era tan  su lphate  chains per molecule (H a sc a ll ,1977)• Gomeal p ro teoglycans 
a re  of two types : one con tain ing  about 70% p ro te in  w ith 1 or 2 chondro itin
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su lphate  chains (n ea rly  twice as la rg e  as those in  c a r t i la g e )  and sev era l 
g ly co p ro te in -lik e  o ligosaccharide  chains. The o th er has about 74% p ro te in  
w ith one or two kera tan  su lphate  chains ( th e  same s iz e  as those in  c a r t ­
ila g e )  and sev era l g ly c o p ro te in -lik e  o lig o sacch arid es . (H assel e t  a l ,
1979).
A so lu b le  p ro te in  has been is o la te d  from bovine com ea using  low 
io n ic  s tre n g th  e x tra c tio n  so lu tio n s . (Alexander, Silverman and Henley,
1980) .  I t  has been shown to  be a s in g le  polypeptide chain of m olecular 
weight /V/5^000, w ith no saccharide con ten t, and no unusual amino ac id  
composition so th a t  i t  i s  not a co llagen  or a c t in - l ik e  m olecule. An 
antiserum  to  th is  p ro te in , prepared  and te s te d  fo r  a n tig e n ic  r e a c t iv i ty  
by Silverm an, Alexander and Henley ( I 98O a) & b ) ) ,  suggests th a t  i t  i s  
s p e c if ic  to  com ea, bu t i s  no t 's p e c ie s -s p e c if ic  among a number of mammals 
inc lud ing  humans. The p ro te in  cores of bovine and monkey com ea proteoglycan
have d if f e r e n t  amino ac id  con ten ts (H assel e t  a l , 1979 , Axelsson and Heine­
gard, 1978) ; and the a n tig en ic  s i t e  of p ig  in v e r te b ra l  d isk  pro teoglycan  
has been shown to  be the  binding reg ion  on the  p ro te in  core (Beard, Ryvar, 
Brown and Muir, I 98O), although no inform ation  about th e  a n t ig e n ic i ty  of 
com eal proteoglycan i s  a v a ila b le .
Mathews ( I 967) proposes the  ex istence  of c ro ss - lin k in g  between the  
f i b r i l s  of the  corneal stroma. However, although the  p ro teoglycans may 
be a sso c ia te d  with the  collagen f i b r i l s  (Dische e t  a l , 1978, Borcherding 
e t  a l , 1975)> i t  i s  u n lik e ly  th a t  they  a c tu a lly  form i n t e r f i b r i l l a r  
c ro ss lin k s . Hodson ( l9 7 l)  in v e s tig a te d  the  p o ssib le  reasons f o r  co rneal 
sw elling  and could f in d  no evidence of c ro ss lin k in g , o r, given the  obser­
ved sw elling  p ro p e r tie s , no ju s t i f i c a t io n  f o r  assuming them.
C ro sslin k in g  has been dem onstrated between th e  co llagen  m olecules th a t  
make up the  f i b r i l  (Harding and Grabbe, 1979), but these
do not involve glycosaminoglycans.
I t  has been suggested th a t  the  absence of a  f i r s t  o rder co llagen 
r e f le c t io n  in  the  low angle X-ray d if f r a c t io n  p a tte rn  of com ea may be 
due to  the  occlusion of the  gap between the  ends of the  co llagen  molecu­
le s  in  the  f i b r i l  by g lycopro te in s o r glycosaminoglycans. ( E l l i o t t ,  Good­
fe llow  and Woolgar, 1978, Goodfellow, E l l i o t t  and W oolgar,1978). This i s  
in  accordance with the  observation by Kaye e t  a l  (1976) th a t  sodium 
ch lo ride  ex trac ted  com ea showed more d i s t in c t  p e r io d ic ity  along the 
collagen f i b r i l ,  and calcium ch lo rid e  e x trac tio n  produced s h o r te r ,  d is ­
ordered f i b r i l s .
1 .5  The p rese rv a tio n  of com eal specim ens.
For p h y sica l s tu d ie s  of the cornea i t  i s  necessary  to  p reserve  the  
com ea in  a way th a t  m ain tains the s tm c tu r a l  and sw elling  p ro p e r tie s  and 
th e  chemical composition as near as p o ssib le  to  those of f re s h  specimens. 
Dische e t  a l  (1978) found th a t  fre ez in g  had no e f f e c t  on the  glycosamino­
glycan conten t and only minimal e f f e c t  on the sw elling  of bovine com ea. 
Goodfellow e t  a l  (1978) ard  E l l i o t t  e t  a l  ( I 98O) used 
com ea preserved  by drying over s i l i c a  g e l, but make no comment on the  
d iffe ren ce s  in  the subsequent sw elling  p ro p e rtie s  or the  i n t e r f i b r i l l a r  
spacings. O ther s tm c tu r a l  s tu d ie s  have used e le c tro n  microscopy, where 
th e  fre sh  (o r  swollen) t is s u e  was f ix e d  p r io r  to  dry ing , s ta in in g  and 
embedding. This p rocess, in  i t s e l f ,  may produce s tm c tu r a l  changes th a t  
are  im possible to  avoid w ith th i s  technique.
1 .6  The purpose of th i s  t h e s i s .
The purpose of th i s  th e s is  i s  to  in v e s tig a te  the  s tm c tu r a l  and
9sw elling  p ro p e rtie s  of normal, d r ie d  and ex trac te d  specimens of bovine 
com eal stroma using a v a r ie ty  of experim ental techn iques. The l ik e ly  
fo rces  co n trib u tin g  to  th e  sw elling  p ressu re  are  in v e s tig a te d  and the 
sw elling  in  d i s t i l l e d  w ater i s  m onitored.
T h eo re tica l c a lc u la tio n s  of the  m atrix  f ix e d  charge (O to ri, 1967, 
Hodson, 1971) take in to  account the  considerab le  negative  charge provided 
by the glycosaminoglycans. E x trac tio n  of a l l  or some of th ese  macromole­
cu les should a f f e c t  the sw elling  and charge p ro p e rtie s  of th e  com ea and 
a lso , perhaps, the s tru c tu re .  Cetyl pyridinium  ch lo rid e  i s  used to  p rec­
ip i t a t e  the  glycosaminoglycans in  s i t u  and e x tra c tio n  of both chondro itin  
su lphate  and keratan  su lphate  con tain ing  proteoglycans i s  c a r r ie d  out 
under a s so c ia tiv e  conditions using sodium ch lo rid e  so lu tio n  and under 
d is so c ia tiv e  conditions using  guanidine hydrochloride so lu tio n . The 
enzyme chondro itinase ABC i s  a lso  used to  e x tra c t the  chondro itin  su lph­
a te  by cleaving  the g ly co s id ic  bonds and allow ing the r e s u l t in g  dimers 
to  d iffu se  out of the strom a. The e f fe c ts  of th ese  e x tra c tio n  processes 
and of e x tra c tio n  with d i s t i l l e d  w ater are  in v e s tig a te d  by studying  the 
sw elling  p ro p e rtie s  of v a rio u sly  t r e a te d  specimens and by m onitoring the  
change in  pH of the bath ing  so lu tio n  during sw ellin g . The m atrix  f ix e d  
charge i s  measured using  a m icroelectrode technique, the in te rp re ta t io n  
of which makes use of the  Donnau-osmotic theory . The in o rg an ic  ion 
concen tra tion  of the strom a a f t e r  sw elling  in  d i s t i l l e d  w ater i s  measured 
using flame photometry. (We are  indeb ted  to  Dr. A lison Brading of the 
Dept, of Pharmacology, U n iversity  of Oxford, f o r  th e  use of apparatus 
and fo r  help w ith the techn ique).
L ight microscopy, using immunofluorescence and chemical s ta in in g , 
to g e th e r w ith X-ray d if f r a c t io n  s tu d ie s , i s  used to  study the  s tm c tu r a l  
changes asso c ia ted  w ith p re-d ry ing  and w ith sw ellin g . In  p a r t ic u la r ,  the
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X-ray d if f r a c t io n  technique allows s tru c tu ra l  inform ation to  he obtained 
from specimens of f re sh  cornea w ithout p r io r  f ix in g  of the t i s s u e .  The 
high in te n s i ty  of synchrotron X-rays allow s the  d e tec tio n  of r e f le c t io n s  
a sso c ia ted  w ith f i b r i l  packing and the  rap id  m onitoring of changes in  
i n t e r f i b r i l l a r  spacing w ith  hyd ration . An extension  of th is  work included 
an in v e s tig a tio n  in to  the  degree to  which re g u la r  ordering of the  c o l la ­
gen f i b r i l s  occurs in  th e  com eal strom a. This work was c a r r ie d  out in  
c o llab o ra tio n  w ith Dr. Z. Sayers, and the r e s u l ts  w ill  be rep o rted  in  
d e ta i l  in  Sayers, Whitburn, Harmsen, Koch, Meek and E l l i o t t  ( in  p repara­
t io n )  . F in a lly , the synchrotron d if f r a c t io n  p a t te m s  contain  a s e t  of 
X-ray r e f le c t io n s  which a r is e  from the  re g u la r  packing of the  co llagen  
molecules w ith in  the f i b r i l .  An a n a ly s is  of th ese  r e f le c t io n s ,  p resen ted  
as a comparison of the  e le c tro n  d en s ity  p ro f i le s  of tendon collagen and 
com eal co llagen , i s  rep o rted  elsewhere (Meek, E l l i o t t ,  Sayers, Whitburn 
and Koch, I98I ) .
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CHAPTER 2
M ateria ls  and Methods I  -  P rep ara tio n  of Specimens.
Adult cows eyes were obtained from the slaugh ter-house  w ith in  a 
few hours of the  death of the anim al. The corneas were d isse c te d  out 
by c u ttin g  in s id e  the lim bus, and the  e p i th e l ia l  and e n d o th e lia l c e l l s  
removed by g e n tle  scrap ing  w ith a s c a lp e l .  D iscs (9mm in  d iam eter) were 
cu t w ith a sp e c ia lly  designed c u t te r  in  order to  keep the specimen s iz e  
as uniform as po ssib le  f o r  the sw elling  experim ents. S tr ip s  and squares 
were cut w ith a sc a lp e l f o r  o ther experim ents. Specimens were then 
e i th e r  used immediately, or p reserved  by drying or fre e z in g .
The drying of f re s h  and p rev io u sly  ex trac ted  and sw ollen com ea 
was ca rrie d  out a t  room tem perature and p ressure  over s i l i c a  g e l .  The 
time req u ired  fo r  drying depended on the  i n i t i a l  hyd ra tion , bu t was in  
the  range 7 to  14 days.
The squares to  be used fo r  microscopy were qu ick-frozen  in  
2-m ethylbutane, in  l iq u id  n itro g en ,
and s to red  a t  -20°C in  a i r t i g h t  bags.
2ul E x tra c tio n .
Fresh d isc s , s t r ip s  and squares of cornea f o r  use in  sw ellin g .
X-ray d if f r a c t io n ,  m icroelectrode ajid microscopy s tu d ie s  were t r e a te d  
w ith so lu tio n s  of s a l t s  and enzymes, and d i s t i l l e d  w ater. The s a l t  
so lu tio n s  were expected to  e x tra c t th e  proteoglycans from th e  cornea 
(Kaye e t  a l , 1976) , whereas the enzyme was only expected to  remove 
the  chondro itin  su lphate  chains from the p ro te in  core of the  p ro teo -
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glycan. This i s  achieved by cleavage of the g ly co s id ic  bonds to  produce 
d isaccharide  u n its  which d iffu se  out of the  t i s s u e ,  (Suzuki, S a ito , 
Yamagata,Anno, Seno, Kawai and F uruhash i,1968). D is t i l le d  w ater was exp­
ected  to  e x tra c t  the ino rgan ic  io n s, bu t very l i t t l e ,  i f  any, of the macr­
omolecular components in  the  time given , (Dische e t  a l , 1978)- The guan d- 
ine hydrochloride in  p a r t ic u la r  was expected to  remove la rg e  amounts of 
in ta c t  proteoglycan. (Axelsson and Heinegard, 1978, Hassel e t  a l , 1979).
2 .1 .1  Sodium Chloride E x tra c tio n .
D iscs, s t r ip s  and squares were ex trac ted  a t  4 C w ith 0.15M sodium 
ch lo rid e  so lu tio n  fo r  a t o t a l  of 7 days, w ith one change of so lu tio n  
a f t e r  3 days. To prevent degradation  by m icro-organism s, chrystam ycin 
(l%) and n y s ta tin  (0.04^) were added. The con tro l experiment s u b s t i tu te d
3
w ater fo r  the 0.15M sodium ch lo rid e  so lu tio n . 25cm of so lu tio n  were 
used to  e x tra c t  10 d iscs  (9mm d iam eter), or the eq u iv a len t mass in  
s t r ip s  and squares. This procedure was based on th a t  used by Dische a t  
a l  (1976), except th a t  le s s  changes of so lu tio n  were used and no s t i r r ­
ing or homogenisation took p lace . These m odifica tions were thought 
adv isab le  to  minimise mechanical damage to  the specimens, a lthough  the 
e x tra c tio n  would probably no t be complete.
2 .1 .2  Guanidine Hydrochloride E x tra c tio n .
4M guanidine hydrochloride so lu tio n  was prepared  in  a pH 5 .8  
b u ffe r  of O.OIM sodium a c e ta te  and O.OIM sodium EDTA. (H assel e t  a l ,
1979) .  This was used to  e x tra c t  p ieces  of f re sh  com ea (10 d isc s  or 
eq u iva len t mass in  25cm^ so lu tio n )  a t  4 G fo r  24 hours. The co n tro l 
used the EDTA/acetate b u ffe r  alone.
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2 .1 .3  Enzyme E x tra c tio n .
Chondroitinase ABC, (Yamagata, S a ito , Habuchi and Suzuki, I 968) ,
obtained  from M iles L abora to ries  L td ., was used to  d ig e s t the  chondro itin
su lphate  in  com eal strom a. 10 com ea d isc s  (o r eq u iv a len t) were d igested
in  a so lu tio n  of 2 .5  u n its  of enzyme in  10 cm  ^ of phosphate b u ffe r , pH
8 . (see b u ffe r  so lu tio n  ta b le  in  ch ap ter 3, ta b le  3 . I ) .  The co n tro l
3
experiment used 10 cm of b u ffe r  a lo n e . The specimens were incubated  in
th ese  so lu tio n s  f o r  5 hours a t  37*0 .
2 .1 .4  Cetyl Pyridinium  C hloride T reatm ent.
Fresh specimens of cornea were t re a te d  with O .I5M c e ty l p y r id in ­
ium ch lo ride  so lu tio n  fo r  24 hours a t  4 C. Because of the r e la t iv e ly  low 
s o lu b i l i ty  of c e ty l pyridinium  ch lo rid e  in  d i s t i l l e d  w ater, a more 
concentrated  so lu tio n  was im p rac ticab le , and in  t h i s  case 50 cm  ^ of 
so lu tio n  were used f o r  10 d isc s  of com ea. The co n tro l experim ent used
O
50cm of d i s t i l l e d  w ater under the  same co n d itio n s. The o b je c t of th i s
experiment was the p re c ip i ta t io n  of the pro teoglycans m  s i t u . These
p re c ip i ta te d  polysaccharides are  in so lu b le  in  w ater, a lthough they  
w ill  d isso lv e  in  so lu tio n s  of sodium c h lo rid e . (Hedbys, I 96I ) .
A ll the ex tra c ted  d isc s  f o r  use in  sw elling  experim ents were 
Washed fo r  2 hours a t  the end of the  ex tra c tio n  p e rio d . They were then 
d rie d  over s i l i c a  ge l f o r  7 -  14 days. Specimens f o r  use in  th e  o th e r 
experim ents were a lso  washed in  d i s t i l l e d  w ater, bu t were then  used 
im m ediately, frozen  or d r ie d , as ap p ro p ria te . F resh  and p re -d r ie d  
p ieces  of com ea fo r  microscopy were sw ollen fo r  4  hours in  d i s t i l l e d  
w ater before fre e z in g  and se c tio n in g .
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CHAPTER 3
M ateria ls  and Methods I I  -  Experim ental Techniques.
3»! Swelling in  d i s t i l l e d  w ate r.
To determ ine the sw elling  r a te ,  d isc s  of cornea were sw elled 
in d iv id u a lly  in  4cm^ d i s t i l l e d  w ater over a period  of 2 hours. At 5 
minute in te rv a ls  during the f i r s t  30 minutes and a t  10 and 15 minute 
in te rv a ls  l a t e r ,  the cornea were removed, b lo tte d  c a re fu lly  on t i s s u e ,  
weighed and re tu rn ed  to  the  bathing so lu tio n . At the end of the  sw elling  
period  the cornea were d rie d  over s i l i c a  gel and the  dry weight determ­
ined . The cornea were weighed as ra p id ly  as p o ssib le  on a to rs io n  
balance of range 0 to  500mg, capable of weighing to  w ith in  + Img. The 
weight of one cornea d isc  v aried  from about lOmg to  about 300mg, depend­
ing  on hydra tion , so the  maximum s in g le  weighing e r ro r  was le s s  than 10%.
From each s e t  of raw sw elling  d a ta  the hydration  (d efin ed  as mass 
W ater/dry mass) was c a lcu la te d  fo r  each measurement. The r e s u l t s  from 
the  in d iv id u a l experiments were combined by c a lc u la tin g  the  mean hydr­
a tio n s  f o r  each time in te r v a l . The computer was a lso  used to  c a lc u la te  
the  standard  e r ro r  of the  mean, and to  p lo t  the r e s u l t s  as a graph of 
hydration  a g a in s t tim e. (F igures 4 .1  -  4 .6 )*  The number of experim ents 
in  each s e t  (n) was approxim ately 25 .
3 '1 '1  Fresh and P re -d ried  cornea.
Swelling experiments were c a r r ie d  out on d isc s  of f re s h  cornea, 
and on s im ila r  specimens th a t  had been d ried  over s i l i c a  g e l f o r  ? days. 
At the end of the sw elling  period  a l l  the specimens were d r ie d  over 
s i l i c a  g e l and the sw elling  experiment rep ea ted . Data was th u s  obtained
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f o r  f i r s t  ahd second sw ellings of f re s h  and p re -d r ie d  cornea.
In o rder to  compare the  v a r ia tio n s  in  sw elling  r a te ,  s tr a ig h t  
l in e s  were f i t t e d  to  the  f i r s t  fo u r p o in ts  and the  l a s t  fo u r p o in ts  
(where the  slope was f a i r l y  constan t) of the sw elling  curves using the 
GURFIT l ib ra r y  program on the Hewlett Packard 2000 computer. This program 
uses a l in e a r  reg ress io n  method f o r  curve f i t t i n g .  S ign ificance  te s t in g  
on the slopes of these  l in e s  was c a rr ie d  out using the Student t  t e s t ,  
as described  in  Haber and Runyan (1973)« (See ta b le  4 .3  in  chap ter 4 ) .
This process was repeated  f o r  a th i rd  sw elling , and, in  the case
of f re sh  cornea, again fo r  a fo u rth , but the s ig n if ic an ce  te s t in g  was 
no t considered u se fu l fo r  th i s  d a ta  s ince the change was sm all, and the
spécimens showed signs of d is in te g ra tio n  by th is  s tag e .
3 .1 .2  E x tracted  Cornea.
E x trac ted  cornea and the co n tro l specimens were d rie d  a f t e r  wash­
ing and then the sw elling  m onitored as described  above.
The osmotic p ressu re  of the  bathing so lu tio n s  was measured w ith a 
MSE Advanced Osmometer. This was done a t  the end of each sw elling  period  
and used as ap in d ic a tio n  of the amount of m a te r ia l e x tra c te d  from the  
specimen during the sw elling  p rocess .
3 .2  X-ray D if f ra c tio n .
The technique of low-angle X-ray d i f f r a c t io n  was used to  study 
the arrangement of the collagen  f i b r i l s  in  the corneal strom a; p a r t ic u ­
l a r ly  to  determine the c e n tre - to -c e n tre  spacing between neighbouring 
f i b r i l s  f o r  various hy d ra tio n s.
16.
3 .2 .1  The A pparatus.
An E l l i o t t  GXI3 ro ta tin g  anode g enera to r was used w ith a m irro r- 
monochromator camera of la rg e  specim en-film  d is ta n c e , (approxim ately 
80cm.) The specimens were mounted in  w a te r - tig h t c e l ls  and exposed to
f »
the X-ray beam f o r  2-3 hours. The d a ta  were c o lle c te d  on Kodak NoScreen 
film . The hydration  of the cornea was checked by weighing before and 
a f t e r  exposure.
Use was a lso  made of the synchrotron X-ray f a c i l i t y  a t  the EMBL 
o u ts ta tio n  in  Hamburg. The X13 mirror-monochromater camera on the 
sto rage r in g  DORIS was used w ith specim en-film  d is ta n ce s  of about 3*2m 
and about 1 and exposure tim es of 10- 30s and 5“30niins, re sp e c tiv e ly . 
The long camera w ith sh o rt exposure tim es was used to  d e te c t the f i r s t  
order r e f le c t io n s  from the f i b r i l  l a t t i c e ,  and the s h o r te r  camera used 
fo r  h igher orders of th i s  and of the  collagen gap-overlap re p e a t. The 
specimens were again mounted in  w a te r - tig h t c e l l s ,  and weighed before 
each exposure to  determ ine the hyd ra tion . The d a ta  were c o lle c te d  on 
film  and w ith a p o s it io n -se n s it iv e  d e te c to r .
3 .2.2  D eterm ination of the I n t e r f i b r i l l a r  Spacing.
D iscs of f re sh  and p re -d rie d  cornea were hydrated in  d i s t i l l e d  
w ater. D iffra c tio n  d a ta  were c o lle c te d  from both types of specimen a t  
various hy d ra tio n s. Low hydrations (below p h y sio lo g ica l)  of f re s h  cornea 
were obtained e i th e r  by sh rink ing  the specimen in  40% dextran  (BDH) 
so lu tio n , or by drying in  a i r .
These specimens produced r e f le c t io n s  a r is in g  from the packing of 
the f i b r i l s  in  the stroma and a lso  from the  packing of the co llagen
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m olecules along the  f i b r i l  (/^6?nm gap-overlap r e p e a t ) . Because of the 
random arrahgement of the lam ellae (fig u re  3,1)* r e f le c t io n s  appear on 
the f ilm  as c i r c le s .  In  order to  produce two sep ara te  s e ts  of r e f l e c t ­
ions on the f ilm , s t r ip s  of cornea were mounted in  the beam so th a t  the 
X-rays passed a t  r ig h t  angles to  the v isu a l a x is . In  the  id e a lis e d  s i t u ­
a tio n  shown in  f ig u re  3*1 we would expect the  co llagen  r e f le c t io n s  to  
appear along one ax is  of the  f ilm  and the  i n t e r f i b r i l l a r  r e f le c t io n s  to  
appear mainly along the o th e r. Because the  synchrotron X-ray beam i s  
r a th e r  b e tte r-fo cu sed  in  the v e r t ic a l  d ire c tio n  than the  h o r iz o n ta l, 
s t r ip s  of cornea were mounted to  obtain  the b es t p o ss ib le  re so lu tio n ,
i . e .  h o r iz o n ta lly  fo r  i n t e r f i b r i l l a r  r e f le c t io n s  and v e r t ic a l ly  fo r  
co llagen  r e f le c t io n s ,  (see f ig u re s  4 ,7  and 4 ,8  in  chap ter 4 ) .
This method f a c i l i t a t e d  the' d e tec tio n  of weak second and th i rd  
i n t e r f i b r i l l a r  r e f le c t io n s ,  as w ell as the very s tro n g  f i r s t  order peak.
A range of hydrations was used to  determine w hether»these weak r e f l e c t ­
ions moved w ith changes in  i n t e r f i b r i l l a r  Spacing, and were th e re fo re  
h igher orders of the  r e f le c t io n  produced by the packing of the  f i b r i l s .
The spacings of the f i r s t  o rder r e f le c t io n s  obtained were compared w ith 
those obtained by passing X-rays p a r a l le l  to  the v isu a l ax is  in  an 
attem pt to  determ ine whether th e re  was any d iffe ren ce  in  the  sep a ra tio n  
of the f i b r i l s  in  the two d ire c t io n s .
The rea l-sp ace  d is tan ces  can be c a lcu la te d  using  the Bragg equat­
ion: nA = 2sin0ci. where n = order of the r e f le c t io n ,  A= wavelength of
the X-rays and O- the  d if f r a c t io n  angle of the  r e f le c t io n .
For very sm all angles {0) ,  s in  0  approximates very  c lo se ly  to
tan  0 , which can be expressed as d is tan ce  of r e f le c t io n  from cen tre  of
beam (a)/specim en-film  d istan ce  (d) .
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The wavelenght^ of the  synchrotron X-rays was not known a ccu ra te ly  and 
the  specim en-film  d is tan ce  was d i f f i c u l t  to  measure, so the  co llagen  
re f le c t io n s  obtained from wet r a t  t a i l  tendon (where the  spacing between 
the f i b r i l s  i s  known to  be 6?nm) were used to  c a lib ra te  the camera. By 
rearrang ing  the Bragg equation: “ n^ i t  i s  p o ssib le  to  obtain  a
value fo r  the constan t and to  use th i s  to  c a lc u la te  the i n t e r f i b ­
r i l l a r  spacings f o r  cornea. This method was used both fo r  the f ilm  and 
the d e te c to r  d a ta  obtained using  synchrotron X -rays, bu t was not necess­
ary  f o r  the  GXI3 d a ta  s ince the wavelenghth of the  X-rays was known 
ac cu ra te ly  (copper-I^^ ra d ia tio n )  and the specim en-film  d istan ce  easy to  
measure d i r e c t ly .
The r a d i i  of the  c ir c u la r  f i r s t  o rder r e f le c t io n s  of the  i n t e r ­
f i b r i l l a r  spacings on film  were lo ca ted  and measured both by eye and 
from densitom eter tra c e s  obtained on a Joyce-Lobel m icrodensitom eter.
The d if f r a c t io n  d a ta  c o lle c te d  by the  d e te c to r  were processed on the 
computer a t  EMBL Hamburg, and a p lo t of lo g ( in te n s i ty )  ag a in s t d e te c to r  
channel number produced, (examples in  f ig u re s  4.11 and 4 .12) The peaks 
were measured d ir e c t ly  from these  p lo ts  and the cen tre  of the  beam 
ca lcu la ted  using da ta  c o lle c te d  from sev e ra l specimens of dry cornea 
and r a t  t a i l  tendon; using  the  r e f le c t io n s  from th e  co llagen backbone.
The i n t e r f i b r i l l a r  spacings f o r  a l l  specimens were then c a lc u la te d  as 
described  above.
The GURFIT program was used to  f i t  s t r a ig h t  l in e s  to  th e  computer- 
produced p lo t  of ( i n t e r f i b r i l l a r  spacing)^ ag a in s t hyd ra tion ; both f o r  
f re s h  and fo r  p re -d ried  specimens, (see f ig u re  4 .13) The mean of the  
in te rc e p ts  of these  two l in e s  was c a lcu la ted  and used as an es tim ate  of 
the spacing fo r  dry t is s u e ,  which does no t i t s e l f  give a d e te c ta b le  
r e f le c t io n ,  (see sec tio n  4 .2 .2 )
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3 .3  Inorganic Ion A n a ly s is .
S o lu tions of e x tra c ta b le  ino rgan ic  ions were obtained by sw elling 
10 cornea d isc s  (9min d iam eter) in  40cm^ of d i s t i l l e d  w ater f o r  2 hours.
The ex trac ted  cornea were then charred , oxidised w ith  hydrogen peroxide 
and the resid u e  d isso lved  in  40cm^ of d i s t i l l e d  w ater. These so lu tio n s  
were assayed f o r  sodium, potassium  and ch lo ride  by absorp tion  flame 
photometry.
3 .3 »1 A bsorption Flame Photom etry.
P relim inary  an a ly s is  showed th a t  the r a t io  of sodium to  potassium  
in  the  so lu tio n s  was approxim ately 1 0 :1 .Therefore, because sodium absorbs 
a t  many wavelengths, s tandard  so lu tio n s  were prepared con tain ing  sodium 
and potassium  ch lo rid es  in  th i s  r a t io  of 10 :1 .The co n cen tra tions of the 
s tandards ranged from 0.02 mM K**"/0.2 mM Na**" to  0 .5  mM K*^ /5 mM Na . The 
so lu tio n s  and standards were used nea t f o r  potassium  a n a ly s is  and d ilu te d  
1:2 w ith d i s t i l l e d  w ater f o r  sodium a n a ly s is . Absorbances were measured 
a t  wavelengths of 580nm fo r  sodium and ?60nm fo r  potassium .
A nalysis of the ch lo rid e  content of the so lu tio n s  req u ired  an
in d ire c t  method. The ch lo ride  ion was p re c ip ita te d  w ith excess s i lv e r
n i t r a t e ,  the s i lv e r  ch lo rid e  separated  by ce n tr ifu g a tio n  and the
absorbance of the re s id u a l s i lv e r  determ ined. Standard so lu tio n s  were
obtained in  two ways: so lu tio n s  con ta in ing  co n cen tra tions of s i lv e r
( )
ranging from O.lmM to  1.9mM were prepared from AnalaR s i lv e r  n i t r a t e .
Stock so lu tio n s  contain ing  2mM and 3niM, re sp e c tiv e ly , were p repared , and 
5cm^ of these  so lu tio n s  were then used to  p re c ip i ta te  the ch lo rid e  from 
5cm^ of the sodium and potassium  standard  so lu tio n s  prepared e a r l i e r .
This produced standard  s i lv e r  so lu tio n s  ranging from O.lf^mM to  1.225mM.
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No s ig n if ic a n t  d iffe re n c e  was observed between the  s tandards prepared by 
e i th e r  method, so the r e s u l ts  were combined to  produce the  standard  
curve. The same two s i lv e r  n i t r a t e  stock  so lu tio n s  were used to  p rec­
ip i t a t e  the ch lo ride  from the t e s t  so lu tio n s  as f o r  the s tandards, and 
the absorbance of the  excess s i lv e r  in  both standards and t e s t s  was 
measured a t  a wavelength of 338nm.
The p lo ts  of absorbance a g a in s t concen tra tion  of sodium and 
potassium  were s t r a ig h t  l in e s  over the range of co n cen tra tions used , 
( f ig u re s  3 .2  and 3*3) However, the absorbance by sodium a t  the wavelength 
used f o r  s i lv e r  was considerab le , and the p lo t  obtained was no t l in e a r .  
Since comparable q u a n ti t ie s  of sodium were p resen t in  both s tandards 
and t e s t  so lu tio n s , a smooth curve was f i t t e d  to  the  d a ta , and th i s  used 
to  convert the s i lv e r  absorbances to  co n cen tra tio n s. This s tandard  curve 
i s  shown in  f ig u re  3*4.
3 .4  Change in  pH of Bathing Medium.
Figure 3*5 shows the apparatus th a t  was designed and b u i l t  to  
allow  the pH change of the  cornea bath ing  so lu tio n  to  be m onitored under 
an atmosphere of n itro g en . The in e r t  atmosphere was necessary  because 
the  carbon dioxide in  the atmosphere tended to  d isso lv e  in  th e  bath ing  
medium even w ith a covering of c lin g -f ilm , causing f lu c tu a tio n s  of the  
pH.
3D is t i l le d  w ater was b o iled  to  remove d isso lv ed  gases and 40cm of 
the  cooled w ater p laced  in  the f la s k .  10 f re sh  cornea d isc s  (9mm diam­
e te r )  were c a re fu lly  placed on the l i p  of the p lunger, p o s itio n ed  as  to  
be above the w ater le v e l .  The apparatus was assembled and n itro g en  gas 
c irc u la te d  fo r  10 m inutes. The experim ent was s ta r te d  by low ering the
Figure 3 . 5
Apparatus f o r  measuring the change in  pH of the 
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plunger in to  the w ater and tw is tin g  ra p id ly  to  d islodge the  cornea. The 
pH was noted every minute fo r  the  f i r s t  10 m inutes, and then a t  longer 
in te rv a ls ,  f o r  a t o t a l  of 2 hours. The osmotic p ressu re  of the bath ing  
so lu tio n  was measured a t  the end of the  experim ent.
In  a  second experim ent, b o iled  and cooled w ater was ad ju sted  to  
pH about 8 w ith d i lu te  sodium hydroxide so lu tio n , and the experiment 
caxried  out as above on 10 fu r th e r  f re sh  cornea d is c s .
For each p o in t, the hydrogen ion concen tra tion  was c a lc u la te d  from 
the pH (pH = -log[H**"J), and a graph of pH a g a in s t time p lo t te d  fo r  both 
experim ents, (fig u re  4 .14) A comparison of the q u a n tity  of hydrogen ions 
taken up by the cornea and the q u a n tity  of ca tio n s  e x tra c te d  in  the same 
time was made, (sec tio n  4 .4 )
3.5  M icroelectrode Measurements.
3 .5  « 1 The A pparatus.
The apparatus used fo r  the  m icroelectrode measurements was th a t  
designed by Naylor (1978) and i s  shown in  o u tlin e  in  f ig u re  3*6» Micro­
e lec tro d es  were prepared from g la ss  c a p i l l ia ry  tubing  using  an E a lin g - 
Beck m icroelectrode p u l le r .  The prepared e lec tro d es  were f i l l e d  w ith 
3M potassium  ch lo ride  so lu tio n  and mounted in  an e lec tro d e  ho lder w ith  
a s i l v e r / s i l v e r  ch lo rid e  junction  and a lso  f i l l e d  w ith 3M potassium  
ch lo ride  so lu tio n .
3 .5 «2 Bathing S o lu tio n s .



















and of io n ic  s tre n g th  0.02 were prepared; one con ta in ing  some ch lo rid e .
A computer program based on the  P e rrin  equation (P e rr in  and Sayce, 196?), 
was used to  c a lc u la te  the concen tra tions of phosphates needed to  give 
the  s p e c if ic  pH and io n ic  s tre n g th  req u ired . Table 3 .1  g ives the d e ta i l s  
of the composition of the  bath ing  so lu tio n s  used. The io n ic  s tre n g th  was 
kept low ( 0 , 02) to  reduce the p o s s ib i l i ty  of e x tra c tin g  the  macromol- 
e c u la r  components of the  cornea during the experim ent.
3 « 5 » 3 The Measurements.
Thin s t r ip s  of cornea (pre-weighed) were mounted edge-on in  a  
sp e c ia lly  designed bath , and held  in  p o s itio n  w ith s ta in le s s  s te e l  p in s , 
(f ig u re  3 . 6) .  This method of mounting was necessary  because the  a n te r io r  
and p o s te r io r  su rfaces  of the com eal stroma are too  tough to  allow  pen­
e tr a t io n  by the  m icroe lectrode. S u ff ic ie n t bath ing  s o lu tio n  was then 
added to  the deep p a r t  of the bath  to  submerge the t i p  of the  re fe ren ce  
e le c tro d e , but leav in g  the specimen unwetted. The m icroelectrode was 
then checked fo r  re s is ta n c e  in  th i s  so lu tio n  before p o s itio n in g  i t  above 
the s t r i p  of cornea. More b u ffe r  was then added to  ju s t  cover the cornea, 
and 20 p o te n tia l  measu^^ents made as quick ly  as p o ss ib le ; moving the  
m icroelectrode a f t e r  each one. The specimen was then  im m ediately removed 
from the bath ing  so lu tio n , b lo tte d  g en tly  on t is s u e  and re-w eighed.
L a te r, a  dry weight was obtained, and the hydration  of the t i s s u e  c a lc ­
u la te d , before and a f t e r  the  experim ent. The change in  hyd ra tion  th a t  
occurred during the measurements was of the  order of 10-20^. (see ta b le s  
4.15  -  4 .1 8 ).
Several such experim ents were c a r r ie d  out on d i f f e r e n t  p ieces  of 
f re s h  cornea f o r  each bath ing  so lu tio n . The fix e d  charge on the  macro- 
m olecular m atrix was c a lc u la te d  and ad ju sted  fo r  h y d ra tio n .( ta b le s  4 .1 5 - 
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Measurements were a lso  made on specimens rehydrated  to  approxim­
a te ly  p h y sio lo g ica l hydration  a f t e r  being d r ie d ; both from f fe s h  and 
a f t e r  e x tra c tio n  with sodium ch lo ride  so lu tio n ; and on very hydrated 
specimens of sodium ch lo rid e  e x tra c ted  cornea, used immediately a f t e r  
washing in  d i s t i l l e d  w ater.
3 .6  Microscopy.
3 . 6.1 R aising A n tibod ies .
An an tigen  Was prepared  from the sodium ch lo rid e  e x tra c tio n  so lu ­
tio n  from the  f i r s t  3 days of e x tra c tio n .( s e e  se c tio n  2 .1 .1 ) This so lu ­
tio n  was d ia ly sed  ag a in s t 2 changes of d i s t i l l e d  w ater fo r  24 hours ( to  
remove most of the sodium c h lo r id e ), and concentrated  approxim ately 
10-fo ld  in  a ro ta ry  evaporato r a t  reduced p ressu re .
30.1cm of the  concentrated  cornea e x tra c t was em ulsified  w ith
O.lcm^ of Freunds Complete Adjuvant ( to  enhance th e  immune resp o n se),
and 0 . IcmP of th i s  emulsion in je c te d  subcutaneously in to  the  shoulders
of each of two New Zealard White r a b b i ts .  Two weeks l a t e r ,  a s im ila r
dose was in je c te d  in to  the o th er shoulders of the  two anim als. A fte r  1
3month, a b o o ste r dose of 0 . 05cm of e x tra c t  alone w as in je c te d  in to  the
3e a r  vein of each r a b b i t .  A fte r  a f u r th e r  month, 15-20cm of blood was
. 0
taken from the  ea r veins of the ra b b i ts .  The blood was s to red  a t  4 G
overnight to  allow  c lo t t in g  to  occur, then cen trifu g ed  and the  serum
0s to red  in  small a liq u o ts  a t  -20 G.
A ra b b it  antiserum  to  p ig  in v e r te b ra l d isc  pro teoglycan was a g i f t  
from Helen Beard of the  Charles S a l t  Research I n s t i t u t e .
31.
3 .6 .2  Testing  the  serrnn.
The serum from the two ra b b its  was te s te d  f o r  the  presence of a n t i ­
bodies by the Ouchterlony double d iffu s io n  method. (Ouchterlony and 
N ilsson , 1973).
The cen tre  w ells  of the  Ouchterlony p la te s  were f i l l e d  with the 
an tigen  (from sodium ch lo ride  e x tr a c t) ;  n ea t and a  1:10 d i lu t io n . The 
ou tside  w ells were f i l l e d  w ith the  se ra ; n ea t and a t  d i lu t io n s  of 1 :2 , 
1 :5 ,1 :1 0 ,1 :5 0  and 1:100. Phosphate bu ffered  sa lin e  (PBS), pH 7 .4 , was 
used to  d ilu te  the e x tra c ts  and se ra . Vfo agarose in  PBS was used as  the 
d iffu s io n  medium. The prepared p la te s  were covered and l e f t  f o r  48-72 
hours in  a wet box f o r  the p r e c ip i t in  l in e s  to  develop.
The same procedure was used to  t e s t  the a n tig e n ic  re a c tio n  of the 
pig  in v e r te b ra l d isc  antiserum  to  the concentrated  sodium ch lo rid e  
e x tra c t .
3 .6 .3  Immunofluorescence s ta in in g ,
P ieces of cornea, p rev io u sly  frozen  in  l iq u id  n itro g e n , were 
mounted in  g e la t in  blocks on a c ry o s ta t chuck, and qu ick-frozen  w ith  
l iq u id  carbon d iox ide , ^m  sec tio n s  were cu t, mounted on s l id e s  and a i r  
d rie d  f o r  JO m inutes. These se c tio n s  were then s ta in e d  in  the  fo llow ing  
way:
Rabbit serum, ap p ro p ria te ly  d ilu te d  w ith PBS, was ap p lied  to  each 
of the  sec tio n s , which were then  incubated in  a wet box a t  room tem per­
a tu re  f o r  20 m inutes. The se c tio n s  were r in se d  w ith PBS and washed in  a 
bath  of PBS fo r  10 m inutes. O ptim ally d ilu te d  f lu o re sc e in  (FITG) la b e l le d
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a n t i - r a b b i t  IgG (Wellcome Reagents L td .)  was added, and the  s l id e s  again 
l e f t  in  the wet box f o r  20 m inutes. They were then r in se d  and washed in  
PBS fo r  1 hour, and f in a l ly  mounted in  buffered  g ly c e ro l, pH 8 .5 , ready 
fo r  viewing.
I n i t i a l ly , iv a r io u s  concen tra tions of se ra  and f lu o re sc e in  la b e lle d  
conjugate were used to  determ ine the  optimum d i lu t io n s .  Serum was f in a l ly  
used a t  d ilu tio n s  of 1:10, 1:30 and 1:300. The f lu o re sc e in  conjugate was 
used a t  a d i lu tio n  of 1:32. Experiments were c a r r ie d  out on p h y sio lo g ica l 
and h igher hydrations o f f re sh  and p re -d ried  cornea, and on sodium 
c h lo rid e -ex trac te d  cornea.
3 .6 .4  Photomicroscopy.
The s ta in e d  sec tio n s  were viewed w ith a  L e itz  Dialux 20 m icroscope, 
f i t t e d  with a Ploemopak*and an HBO JO mercury lamp. Photographs were 
taken with a Wild MPS 20 camera, using  Ektachrome ASA l60 o r ASA 400 
f ilm . Exposure, tim es v a rie d , but were of the o rder of 3-4 m inutes.
3 .6 .5  A cridine Orange and Eosin and Haematoxylin s ta in in g .
Using sec tio n s  prepared  as f o r  the immunofluorescence microscopy, 
chemical s ta in in g  of the ac id  m ucopolysaccharides was c a rr ie d  out using  
A cridine Orange. (Hicks and M atthaei, 1956).
Several drops of a 4^ so lu tio n  of f e r r i c  ammonium su lp h a te  were 
app lied  to  the  s l id e s .  A fte r  15 m inutes, the s l id e s  were washed in  
running tap  w ater fo r  a f u r th e r  15 m inutes. 0 .1^ A cridine Orange so lu tio n  
was then ap p lied , l e f t  f o r  l|- m inutes, washed o ff  in  running tap  w ater 
f o r  15 minutes and the  sec tio n s  then mounted in  Apathy mountant ready 
*(Ploem, 1967)
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fo r  viewing.
Some frozen  se c tio n s  of f re s h  cornea were s ta in ed  w ith  Eosin and 
Haematoxylin (E hriich ) in  order to  show the  lo ca tio n  of the  k e ra to cy te s .
CHAPTER 4
R esults
The computer programs used fo r  the ca lc u la tio n s  were w ritte n  fo r  
and executed on a Tektronix 4051 micro-computer, u sing  a 4662 graph 
p lo t te r  and a Texas l in e - p r in te r .  Appendix I I  con tains l i s t i n g s  of these  
programs.
4 .1  Swelling in  d i s t i l l e d  w a te r.
4 .1 .1  Fresh and P re -d ried  Cornea.
Tables 4 .1  and 4 .2  give the averaged r e s u l t s  of the  f i r s t  and 
second sw ellings of f re sh  and p re -d ried  cornea re sp e c tiv e ly . F igu res 4 .1  
and 4 .2  are  g rap h ica l re p re se n ta tio n s  of th i s  d a ta . Both f re s h  and p re­
d ried  specimens sw ell more ra p id ly  the second tim e. In sp ec tio n  of the 
graphs suggests th a t  the main d iffe ren ce  in  sw elling  r a te  occurs during 
the f i r s t  30 or so m inutes, and th a t  i f  the  experiment had been continu­
ed beyond 120 m inutes, the curves may w ell have coincided .
Figure 4 .3  shows the d iffe ren ce  between f i r s t  sw ellings of f re s h  
and p re -d rie d  cornea; the f re s h  reaching a much h igher hydration  in  120 
m inutes. Here the  d iffe ren ce  in  the sw elling  r a te s  i s  not so marked in  
the e a r ly  s tag es, but a f t e r  about 60 m inutes the sw elling  r a te  of the  
p re -d rie d  cornea f a l l s  o ff ra p id ly , and the two curves a re  d iv erg in g .
The s ig n ifican ce  of th ese  observations was te s te d  s t a t i s t i c a l l y  
using S tu d en t's  t  t e s t .  Null hypotheses were s e t  up to  the  e f f e c t  th a t  
th e re  was no d iffe ren ce  in  any of the i n i t i a l  or f in a l  sw elling  r a t e s .  
D irec tio n a l a l te rn a t iv e  hypotheses were used th a t  s ta te d  th a t  th e  second 
(o r  f i r s t  f re sh )  sw elling  r a te s  were g re a te r  than the  f i r s t  (o r  f i r s t




f i r s t  sw elling second sw elling
5 3.17 + 0.13 4.71  + 0.23
10 4.35  + 0.11 7.64 + 0.28
15 5.60 + 0.11 10.0 6 + 0.32
20 7.10  + 0.12 12.0 7 + 0.33
25 8.73 + 0.17 13 .7 9 + 0.34
30 10.42 + 0.21 ' 15.26 + 0.37
40 12 . 8 8 + 0.31
»
17.73 t  0.^2
50 15.32 + 0.34 19.63 + 0.44
60 : 17.29 + 0 .39, 21.37 + 0.48
. -T \
75 19.68 + 0.43 ‘ 23.36 + 0.54  '
90 21.63 + 0.51 24.96 + 0.60
105 23.44 + 0.53 26.38 + 0.69
120 25.04 + 0.54 27.71 t  0.80
( + s .e .m . , n^Zj)




f i r s t  sw elling second sw elling
5 1.55  t  0 '07 2.70 + 0.14
10 2.75  t  0.13 5.09 + 0.24
15 4 . 0 8 + 0 .19 7.16  + 0.30
20 5.46 + 0.25 8.93 + 0.34
25 6.73 + 0.29 10.31 + 0.37
30 7.88  + 0.34 11.50 + 0.40
40 9 . 6 3 + 0.39 13.17 + 0.46
50 10.95 + 0.44 14.41 + 0.49
60 11.95 t  0.46 15.38 + 0.53
75 13.11 + 0.52 16.28 + 0.57
90 14.02 + 0.56 17.08 + 0.61
105 14.79 + 0.59 17.76 + 0.64
120 15.38 + 0.62 18.25 + 0.66
(+ s .e .m . , n ^ 25)
Figure 4.1
First and second swellings of fresh
cornea in distilled water.
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First and second swellings of pre-dried










First swellings of fresh and pre-dried
cornea in distilled water.
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pre-dried) swelling rates. The numerical results of these tests are
*
given in  ta h le  4 . 3 .
S ign ificance  le v e l ;  f o r  a l l  experim ents ^ = 0 . 0 1 .
Sampling d is t r ib u t io n :  f o r  a l l  experiments i s  S tu d e n t's  t  d i s t r i ­
bu tion  w ith df = n^t n^- 2, or 25 + 25 “ 2 = 48.
For a s ig n ifican ce  le v e l  of 0.01 and a o n e - ta ile d  t e s t ,  the  
c r i t i c a l  reg ion  i s  t^  2.423. S ince, in  each case p re d ic ts  th a t  
the  slopes of the  second sw ellings or f re s h  (X^) w il l  be g re a te r  than 
those of the f i r s t  sw ellings or p re -d rie d  (X^), the  c r i t i c a l  reg ion  
c o n s is ts  of a l l  values of t  > 2 . 4 2 3 .
For the i n i t i a l  slopes of f i r s t  and second sw ellings and f o r  the  
f in a l  slope of f re s h  and p re -d r ie d  f i r s t  sw ellings, the  obtained values 
of t  f a l l  w ithin  the c r i t i c a l  reg ion  so we r e je c t  the  n u ll  hypotheses.
For the  o th er experim ents the obtained values of t  f a l l  ou tside  the  
c r i t i c a l  reg ion  so we accept the  n u ll  hypotheses.
The r e s u l ts  of the s t a t i s t i c a l  t e s t  in d ic a te  th a t  the  i n i t i a l  
sw elling  r a te s  of second sw ellings of both f re s h  and p re -d r ie d  cornea 
are  s ig n if ic a n t ly  g re a te r  than those of the  f i r s t  sw e llin g s . The f in a l  
r a te s  do not show th i s  p ro p erty . For the comparison between f re s h  and 
p re -d r ie d  f i r s t  sw ellings the rev erse  i s  tru e  w ith th e  s ig n if ic a n t  
d iffe re n ce  occurring in  the f in a l  sw elling  r a te s .
4 .1 .2  E x tracted  Cornea.
Tables 4 .4  and 4 .5  con tain  d a ta  on sw elling  of e x tra c te d  cornea
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Table 4 ,3a -  i n i t i a l  and f in a l  r a te s  of hydration  f o r  f i r s t  and second 
sw ellings of f re sh  and p re -d ried  cornea, w ith t  values.
second sw elling f i r s t  sw elling
t
slope(X^), s .e . ( S - )
*1
slopefXg), s .e .(S _ )  , 
*2
F r e s h - in i t ia l  
r a te  hydn. 0.4184 0.0265 0.2909 0.0109 4.450
D r ie d - in i t ia l  
r a te  hydn. 0.3509 0.0228 0.2569 0.0033 4.080
F re sh -f in a l 
r a te  hydn. 0.0965 0.0029 0.1192 0.0037 -4.829
D rie d -f in a l 
r a te  hydn. 0.0439 0.0033 0.0506 0.0034 -1 .414
Table 4 .3b  -  i n i t i a l  and f in a l  r a te s  of hydration  f o r  f i r s t  sw ellings 
of fre sh  and p re -d r ie d  cornea, w ith  t  v a lues.
free5h p re -d rie d
t
slope(X^) s .e . (S - )
%1
slope(Xg) s .e . ( S - )
*2
1 st sw elling 
i n i t i a l  r a te . 0.2909 0.0109 0.3509 0.0228 - 2.374
1 st sw elling 
f in a l  r a te . 0.1192 0.0037 0.0506 0.0034 13.652
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in  d i s t i l l e d  w ater. F igure 4 .4  shows the sw elling curves of cornea d iscs  
d r ie d  a f t e r  e x tra c tio n  w ith chondro itinase and 0.15M sodiuiii ch lo rid e  
so lu tio n s . Chondroitinase would only he expected to  e x tra c t  th e  chond- 
r o i t i n  su lphate  which i s  le s s  than h a lf  the  t o t a l  glycosaminoglycan 
conten t of the  cornea (Payrau,P o u liq u in ,F aure, and O f f r e t ,196?)• We should 
th e re fo re  expect a f i n i t e  re s id u a l sw elling  p re ssu re , hut le s s  than th a t  
in  u n trea ted  cornea.
The e f fe c t  of e x tra c tio n  w ith 0.15M sodium ch lo rid e  i s  much more 
marked, and the  specimens do not even reach p h y sio lo g ica l hyd ration  in  
the  120 minute experim ental p e rio d . Dische e t  a l  (1978) shows th a t  e x tr ­
a c tio n  w ith th is  sodium ch lo ride  so lu tio n  should e x tra c t  a la rg e  propor­
tio n  of both glycosam inoglycans. However, a f a s t e r  method (H assel e t  a l , 
1979) i s  to  use 4M guanadine hydroch loride. F igure 4 .5  shows th e  e f f e c t  
of th i s  e x tra c tio n  on the  subsequent sw elling of the cornea.
Getyl pyridinium  ch lo rid e  p re c ip i ta te s  the  g ly c o sa m in o g ly c a n s^  
s i t u  (Hedbys,1961) and th e  e f fe c t  of t r e a t in g  th e  cornea w ith  th i s  s o l­
u tio n  i s  very  s im ila r  to  th a t  of the  guanadine hydrochloride e x tra c tio n , 
as  can be seen in  f ig u re  4.5*
4 . 1.3 F u rth e r Swelling of Fresh and P re -d ried  Cornea.
Table 4 .6  and f ig u re  4 .6  show the  e f fe c t  of f u r th e r  sw ellin g  of 
f re s h  and p re -d rie d  cornea. The th i r d  sw ellings show the  seime p a tte rn  
of sw elling  as the f i r s t  and second, i e .  p re -d rie d  sw elling  more slow ly 
and to  a lower 120 m inute-hydration than f re s h . However, th e  sw elling  
r a te  of both specimens th i s  th i rd  time i s  considerab ly  le s s  than  the  
re sp ec tiv e  f i r s t  or second sw ellin g s , (compare w ith  f ig u re s  4 .1  and 4 . 2 ) ,  
and the cornea d isc s  were showing d i s t in c t  s igns of mechanical damage
Table 4-*4—  Swelling of chondroitinase and sodium chloride extracted






e x tra c te d
sodium ch lo ride  
ex trac ted
co n tro l
5 ; 3.09 + 0.11 1.04 + 0.06 5.03  + 0.14
io 4.91  + 0.15 1.25 + 0.04 7.97  + 0.18
15 6.52 + 0.17 1.34  + 0.04 10.60 + 0.19
20 7.87  + 0.20 1.38  + 0.05 12.70 + 0.25
25 9.06  + 0 . 2 4 1.43 + 0.05 14.71 + 0.31
30 10.04 + 0.26 1.44 + 0.04 16 .3 6 + 0.35
40 11.72 + 0.38 1 . 5^ + 0.05 19.31 Î  0.43
50 12.73 t  0 '4 l 1.57  + 0.04 21.55 t  0-47
60 13.72 + 0.45 1.62 + 0.05 23.68 + 0.57
75 15.02 + 0.56 1.69  + 0.06 26.28 + 0.65
90 15.99 i  0.59 1.77 + 0.07 28.28 + 0.87
105 16.84 + 0.66 1.84 + 0.07 29*8 2 + 0.87
120 17.52 + 0.70 1 .9 0 + 0.07 31.22 + 0.96
( + s . e . m . , nrvlO )
Table U'S -  Swelling of guanidine hydrochloride ex tra c te d  and c e ty l 






e x trac ted
C.P.C.
tre a te d c o n tro l
5 0.47 + 0.04 0.83 + 0.08 3.01 + 0.13
10 0 . 7 1 + 0 . 0 4 1 . 1 9 + 0 . 1 4 4.87  + 0.23
15 0.91 + 0.04 1.51  + 0.20 6.27  + 0.30
20 1.12 + 0.06 1.72 + 0.26 7.36  + 0.36
25 1.29 Î  0.04 1.90 + 0.33 8.50  + O.lA
30 1 . 4 4 + 0 . 0 5 2.09 + 0.39 9.42 + 0.48
40 1.71 + 0.06 2.41 + 0.53 11.14 + 0 . 6 4
50 1 . 7 8 + 0 . 1 5 2.65  + 0.65 12.57 + 0.77
60 2.15 + 0.07 2.84 + 0.71 13.92 + 0.89
75 2.48 + 0.09 3.04  + 0.84 15.65 + 1.07
90 2.78 + 0 . 1 0 3.21 + 0.91 16.97 t  1.21
105 3.02 + 0.10 3.32  + 0.96 18.31 + 1.33
120 3.32  + 0.09 3.39 + 1.03 19.57 + 1.41
( + s . e . m . , n/vlO )
Figure U* L
Sw elling of sodium ch lorid e  and chondroitinase
ex trac ted  cornea in  d i s t i l l e d  w ater.
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Swelling of guanidine hydrochloride and 
c e ty l pyridinium  ch lo rid e  e x trac ted  
cornea in  d i s t i l l e d  w a te r.
I kcontrol
15--
c e ty l pyridinium  ch lo rid e
guanidine hydroch loride
TIME IN MINUTES
Table A-'G -  Third and fourth  sw e llin g s  of fre sh  and pre-dried  cornea





Fresh (3rd) F resh  (4th) P re -d ried  (3rd)
5 3.83  + 0.19 3.39  + 0.13 2 . 1 3 + 0.09
10 6 . 0 2 + 0.26 5.56  + 0.26 3 * 5 9 + 0 .1 4
15 7.73 + 0.34 7.23 + 0.34 4.90  + 0.18
20 9.09 + 0.44 8.63 + 0.41 6.07  + 0.22
25 10.20 + 0.52 9.84 + 0.49 6.94  + 0.25
30 11.23 + 0.61 11.10 + 0.64 7.76 + 0.29
40 12. 8 9 + 0.78 12.74 + 0,70 8.93 + 0.33
50 14.27 + 0.93 14.12 + 0.84 9.81  + 0.37
60 15. 3 0 + 1.02 15.27 + 0.95 10.43 + 0.40
75 16.61 + 1.18 16.72 + 1.14 11.15 + 0.43
90 17.66 + 1.31 17 . 8 9 + 1.30 11.67  + 0 .4 6
105 18.51 + 1.41 18.73 + 1.42 12.07  + 0 .4^
120 19.23 + 1.49 19.62 + 1.57 12.39 t  0.50
( + s .e .m . , n ^ 2 5  )
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Figure Vk* 6
Third and fourth  sw e llin g s  o f fr e sh  and pre-dried
cornea in  d i s t i l l e d  water.
3 0 -
4 th  f re sh
20 -
3rd f re sh
3rd p re -d rie d
TIME IN MINUTES
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"by th i s  s tag e . A fo u rth  sw elling  of f re s h  cornea produced a curve not 
s ig n if ic a n t ly  d i f f e r e n t  from the th i rd  sw elling  curve.
4 .1 .4  General O bservations.
Apart from the d iffe re n c e s  in  sw elling , f re s h  and p re -d r ie d  cornea 
d if fe re d  in  appearance and te x tu re . The p re -d rie d  cornea, when sw ollen, 
were f irm er than the  f re sh  a t  a  s im ila r  hydration , and were le s s  l ik e ly  
to  d is in te g ra te  on hand ling , The swollen f re s h  cornea d isp layed  a 
tendency to  s l i p  along the  p lanes of the  lammellae, and on drying d id  
no t always re tu rn  to  th e i r  o r ig in a l shape. This was no t observed f o r  the 
p re -d r ie d  specimens. This same problem was encountered w ith the  e x tr a c t­
ed cornea d isc s  ( fo r  which f re s h  cornea were used), but as th i s  was a lso  
the case with the c o n tro ls , any d iffe re n c e s  in  sw elling  caused by mech­
a n ic a l damage would be about equal f o r  both.
During e x tra c tio n  w ith sodium ch lo ride  and enzyme s o lu tio n s , the  
specimens had the usual appearance of swollen cornea. However, the le s s  
g en tle  e x tra c tio n s  e ffe c te d  w ith guanidine hydrochloride so lu tio n  prod­
uced a co n trac tio n  along the  long a x is  of the f i b r i l s ,  as dem onstrated 
by the considerable reduction  in  d iam eter of the  d isc s . This suggests 
th a t  the  collagen of the  f i b r i l s  was being a t  l e a s t  p a r t ly  denatured. 
Washing in  d i s t i l l e d  w ater d id  no t re tu rn  the  specimen to  i t s  o r ig in a l 
s iz e .  In c e ty l pyridinium  ch lo ride  so lu tio n  the  specimens d id  not become 
very swollen and the te x tu re  of the  t is s u e  was r a th e r  rubbery -  as might 
be expected when the glycosaminoglycans become in so lu b le .
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4 .2  X-ray D if f ra c tio n .
4 .2 .1  F i r s t  Order I n t e r f i b r i l l a r  Spacing.
Tables 4 . 7  and 4 . 8  give the d a ta  obtained f o r  the  f i r s t  order 
i n t e r f i b r i l l a r  spacing of f re s h  and p re -d rie d  cornea re sp e c tiv e ly . These 
d a ta  include t h o s e  obtained from the GX13 generato r as w ell as those from 
the synchrotron X-ray beam;, both from d isc s  of cornea and from s t r i p s .  
F igures 4 . 7 ,  4 . 8  and 4 . 9  are  examples of the film s obtained using  the 
synchrotron X-ray source. F igure 4 . 1 0  was obtained on the GX13 g enera to r 
and f ig u re s  4 . 1 1  and 4 . 1 2  are  examples of d e tec to r  tra c e s  obtained  using 
the  synchrotron X-ray source and the p o s itio n  s e n s it iv e  d e te c to r . F igures 
4 . 7  and 4 . 8  dem onstrate the e f fe c t  of passing  the X-rays a t  r ig h t-a n g le s  
to  the  v isu a l a x is , to  sep a ra te  the collagen  re f le c t io n s  and the in t e r ­
f i b r i l l a r  r e f le c t io n s ,  (see sec tio n  3*2.2 and fig u re  3» l) and the  d i f f ­
e re n t focusing of the beam in  the h o riz o n ta l and v e r t ic a l  d ire c tio n s .
F igure 4 . 9  a lso  shows an o rien ted  p a tte rn , and was obtained in  the  same 
way. To obtain  the  requ ired  r e f le c t io n  ( i n t e r f i b r i l l a r )  along th e  b e t te r -  
focused ax is  of the beam the  specimen was mounted h o r iz o n ta lly . Due to  
the  sh o rt exposure time used to  ob tain  the f i r s t  o rder r e f le c t io n ,  no 
collagen r e f le c t io n s  are  v is ib le  on th is  f ilm , however, the sh o rte r  
camera and longer exposure used f o r  f ig u re s  4 . 7  and 4 . 8  produce both 
co llagen r e f le c t io n s  (sharp) and i n t e r f i b r i l l a r  r e f le c t io n s  (very d i f f ­
use) . These weak i n t e r f i b r i l l a r  r e f le c t io n s  (most evident in  the  h o riz ­
o n ta lly  mounted specimen) a r is e  from the packing of the  f i b r i l s  r a th e r  
than from the  collagen s tru c tu re , which gives sharper r e f le c t io n s  along 
the o th er ax is  of the film .
The spread of the d a ta  makes i t  im possible to  d e te c t any d iffe ren ce  
in  the in te r f ib r i l la r "  spacing between s t r ip s  viewed a t  r ig h t-a n g le s  to
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Table 4 .8  -  in te r f i lx r l l la r  spacing change fo r  pre-dried  cornea,
Hydration a W
0 . 3 2 1 4 1
0 . 5 1126
0 . 5 2 1 4 1
0 . 5 1 3 1 6
0 . 5 1 5 5 8
0 . 6 2 2 9 7
0 . 7 2 0 0 1  .
0 .9 1 7 5 9
0 .9 1654
1 .1 2 1 4 1
1 .3 1654
1 . 4 2297
1 . 6 2 1 4 1
1 . 6 1874
1 . 7 1 8 7 4
1 .9 2 0 0 1
2 . 0 1874
2 . 5 189 1
2 . 6 2 1 4 1
2 . 7 2470




6 .3 3 1 1 8
6 . 4 3 4 0 4
6 .5 3363
7 . 0 3 5 4 2
7 .7 3 8 3 9
7 . 8 3278
8 . 4 3 5 4 2
8 . 8 4 2 9 7
9 .2 4058
1 0 .0 4 4 2 4
1 0 .3 4 1 7 5
1 1 .3 4 4 2 4
1 1 .3 4 8 4 2
1 2 .0 4 8 4 2
1 2 .3 4 8 4 2
1 3 .7 4 995
1 4 .4 5322
1 4 .5 4 0 8 4
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Higher order I n t e r f i b r i l l a r  and collagen r e f le c t io n s
Figure 4 .7  -  S tr ip  of f re sh  cornea mounted h o r iz o n ta lly  in  the beam, with 
X-rays passing  a t  r ig h t  angles to  the v isu a l a x is . I n t e r f i b r i l l a r  r e f l e ­
c tio n s  appear in  the  v e r t ic a l  d ire c tio n  on the f ilm .
Figure 4 .8  -  same specimen as above, but mounted v e r t ic a l ly  in  the  beam 
so th a t  the collagen  r e f le c t io n s  appear in  the v e r t ic a l  d ire c tio n  on the 
f ilm .
5 4 ,
F i r s t  order i n t e r f i b r i l l a r  r e f le c t io n s .
F igure 4 .9  -  S tr ip  of f re s h  cornea mounted h o riz o n ta lly  in  the beam with 
X-rays passing  a t  r ig h t  angles to  the v isu a l a x is . I n t e r f i b r i l l a r  r e f ­
le c tio n  appears mainly in  the v e r t ic a l  d ire c tio n  on the f ilm .
F igure 4,10 -  Disc of cornea a t  hydration  4.3» P ic tu re  taken on the GX 
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V aria tion  of ( i n t e r f i b r i l l a r  spacing)^ w ith hydration  
fo r  f re sh  and p re -d rie d  cornea.
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the v isu a l ax is and those viewed p a ra lle l to i t .  However, the d ifference  
between the spacings observed for fresh  and pre-dried specimens i s  sign­
if ic a n t ,  as can be seen from the graph shown in  figu re 4 .1 3 . At hydrat­
ions greater than about 3.5  (p hysio logical) the pre-dried cornea has a 
s ig n if ic a n tly  smaller in te r f ib r i l la r  spacing than does the fresh , for  any 
given hydration. The most obvious way to explain th is  i s  to  assume the 
formation of 'lakes' (as proposed by Benedek,197l) -  at le a s t  in  pre­
dried cornea.
4 .2 .2  D istribution  of Water in the Corneal Stroma.
Goodfellow et a l (1978) give a model fo r  corneal hydration in  terms 
of the in te r f ib r il la r  spacings. They have assumed that the f ib r i l  radius 
i s  constant at a l l  hydrations in  excess of p h ysio log ica l, as appears to  
be the case in  other collagenous t is s u e . However, more recent wide-angle 
X-ray d iffra ctio n  stud ies ind icate that the ra d ii of the com eal f ib r i l s  
continue to increase w ell beyond physio logical hydration. (Cooke, 1980, 
unpublished r e s u lts ) .  In the model below, a constant f ib r i l  radius i s  not 
assumed, although certain assumptions have been made about the arrange­
ment of f ib r i l s  in  the dry cornea.
I f  we assume that, in  the dry s ta te , the collagen f ib r i l s  in  the 
cornea are hexagonally c lose  packed and the whole of the un it c e l l  i s  
f i l l e d  with f ib r i l s  and other macromolecular m aterial, then the cross-  
section a l area of one u n it c e l l  corresponds to the area of an 
eq u ila tera l parallelogram, where d  ^ i s  the length of one side of 
the parallelogram , and a lso  the diameter of the f ib r i l .  We make no 
d istin c tio n  between the collagen of the f ib r i l s  and the other dry m aterial 
such as proteoglycan, and assume that th is  m aterial has the same 
properties of hydration as does collagen .
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We can now obtain an expression fo r  the volume of the unit c e l l  
in  terms of (the 1,0 r e f le c tio n  a t zero hydration), and equate i t  to  
the volume of dry material present in  one unit c e l l  a t  any hydration, in  
terms of (the dry f ib r i l  radius):
Volume of unit c e l l  ) _ ,2  ^ where 1 i s  the length
in dry cornea ) 2 o of the f ib r i l .
9 2but d = 2 H , and d = 4 R
O O 0 0
Volume of dry m aterial ) _ r?
in one unit c e l l  ) " 1
When water enters the cornea, i t  goes both in to  and between the 
f ib r i l s .  A certain volume of water w ill  be taken up by the protein and 
other m aterial without causing an increase in  volume. (Goodfellow e t  a l , 
1978 and Maurice and R iley, 1970). We.can define G as the volume of 
water absorbed by one volume of dry m aterial before a to ta l volume 
change takes p lace, follow ing Goodfellow e t a l , 1978 .We then
obtain an expression fo r  the volume of water in  one unit c e l l  fo r  any 
hydration, in  terms of d (the 1,0 spacing as determined by X-ray d i f f ­
raction) and Rg.
Volume water taken up ) _ p R ^  i  G
by proteins e tc . ) o
Total volume of one ) _ d  ^ 1
unit c e l l  ) 2
Volume water in  one ) = ' / l  i  + 2/3 R^  1 G -  2/3 R^  1
unit c e l l  ) 2 ' o o
= ^  1 + ZjS  R^(G -  1)1  (2 )
But hydration i s  defined in  terms of masses, (H = mass water/dry
mass) therefore i f  we l e t = density of water, a n d = d en sity  of
dry material (average), then:
• ^ d ^  1 + 2j3  Rq(G -  1 ) 1Mass w ater in  one ) _ ^^u n it c e l l  ) / w (3)
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Dry mass in  one 
u n it  c e l l ) =/®d zJ5  R g  1 (4)
Hydration = = eauatlon  M)
dry mass equation (4)
Hydration =
/O d 4R'
+ G -  1 (5)
Equation (5) assumes th a t  a l l  the  w ater e n te rin g  the cornea i s  
d is t r ib u te d  evenly in  and between the f i b r i l s .  I f ,  in  f a c t ,  th e re  are 
a reas  of the hydrated cornea devoid of f i b r i l s ,  then  th e re  w ill  be a 
d iscrepancy between th is  c a lcu la te d  hydration  (H^) and the  experim ent­
a l ly  determ ined hydration  (H^). The percentage w ater p re sen t as 'l a k e s ' 
can be ca lcu la ted  as fo llow s;
Percentage lake 
w ater
H - H m c
Hm
X 100 ( t )
In  order to  c a lc u la te  the  percentage lak es  p red ic te d  by th i s  
model, we need values f o r  the d e n s it ie s  of w ater and dry m a te r ia l
(yOd) and fo r  the volume hydration  (g ) of the  dry m a te r ia l.
We can assume the  d en s ity  of w ater to  be 1, and use the value of
1.4 f o r  the  d en s ity  of co llagen  (Hedbys and Mishima, 1966) as an e s t i ­
mate of the average d en s ity  of the  dry m a te r ia l. A value of 0 .3  f o r  the  
volume hydration  of the f i b r i l s  was found by Maurice and R iley  (l9 ?0 ) 
using b ire frin g en ce  and d iffu s io n  techniques, and we can use th i s  value 
in  our c a lc u la tio n . A range of values f o r  the  f i b r i l  ra d iu s  have been 
obtained from e le c tro n  microscopy work, however, i t  would seem th a t  f o r  
our model, a more reasonable estim ate  of the  dry f i b r i l  rad iu s  can be 
obtained from the graphs in  f ig u re  4 .13 . The in te rc e p ts  and s tan d ard  
e r ro rs  f o r  the two l in e s  were obtained from the curve f i t t i n g  computer 
program, and the mean of these two values c a lcu la ted ;
6 1 ,
2for fresh cornea: intercept = 16??+ 150 nm
fo r  p re -d r ie d  cornea : in te rc e p t  = 1585 + 84 nm^
mean in te rc e p t = 160? + 39 nin (mean + s . e . )
This rep re sen ts  the  square of the  i n t e r f i b r i l l a r  spacing a t  hydration  
zero . T herefore, from th i s  we can ob tain  a value of 20 + 0 , 5  nm f o r  the 
dry f i b r i l  ra d iu s .
Appendix I  contains the r e s u l t s  obtained from the i n t e r f i b r i l l a r  
spacings and hydrations a lread y  determ ined (fig u re  4 ,1 3 ). Because in  the 
model we have assumed th a t  the  square of the i n t e r f i b r i l l a r  spacing i s  
d i r e c t ly  p ro p o rtio n a l to  the  hydration , the  values used in  the c a lcu la ­
tio n s  were those produced by f i t t i n g  a s tr a ig h t  l in e  to  the experim ent­
a l  d a ta  ra th e r  than the a c tu a l experim ental values w ith  th e i r  a sso c ia te d  
e r ro rs .  Section A of the appendix contains the r e s u l t s  f o r  f re s h  cornea 
and se c tio n  B those fo r  p re -d r ie d .
The f i r s t  columns of the  ta b le s  give the  hyd rations as measured by 
weighing (H ) and the second the  hydrations ca lcu la ted  from the model 
(H^ from equation (5))* The squares of the i n t e r f i b r i l l a r  spacings (d ) 
are  given in  the th i rd  columns and the  percentage lake w ater, c a lc u la te d  
from equation (6) in  the fo u rth .
Using the most l ik e ly  values fo r  the d en s ity  of co llagen , the  dry 
f i b r i l  rad iu s  and the volume hydration  (g) ,  as exp lained  above, we f in d  
th a t ,  f o r  fre sh  cornea 14.73^ of the w ater i s  p resen t as lak es  a t  the 
low est hydration  measured (H = 0 .4 ) , and the percentage in c reases  w ith 
in c reasin g  hydra tion , ( ta b le  A l) . Changing the  param eters changes the 
magnitude of the lake  w ater, bu t not the general tre n d . In  f a c t ,  chang­
62
ing  the dry f i b r i l  rad iu s  has most e f f e c t ,  and reducing i t  by 1 nm to  
19 hm produces a negative value fo r  percentage lake w ater a t  the low est 
hydration  ( ta b le  A2). Even when the  d en s ity  i s  reduced to  1.2 the perc­
entage lake  w ater a t  the low est hydration  i s  s t i l l  ju s t  p o s itiv e  ( ta b le s  
A3 and A4). A s im ila r  sm all change i s  observed fo r  d i f f e r e n t  values of G.
Using the same param eters f o r  the p re -d rie d  cornea d a ta  g ives 
s l ig h t ly  la rg e r  values f o r  the percentage lake w ater throughout than 
f o r  f re sh  cornea, ( ta b le s  B1 to  B4).
/ ■ ,
4 .2.3 Higher Orders of the I n t e r f i b r i l l a r  Spacing.
The use of the synchrotron x -ray  source enabled the  d e te c tio n  of 
weak re f le c t io n s  a t  g re a te r  angles than the f i r s t  o rder. These were 
detec ted  on film  as can be seen in  f ig u re  4 .7  and 4 .8 . However, they 
proved very d i f f i c u l t  to  measure e i th e r  by eye or by densitom etry  from 
the f ilm , but appear as q u ite  d i s t i n c t  peaks on the  d e te c to r  p lo ts .  
F igures 4.11 and 4.12 a re  two such d e te c to r  tra c e s  of d i f f e r e n t  sp ec i­
mens showing two o u ter weak r e f le c t io n s  as w ell as the s tro n g  f i r s t  
o rder r e f l e c t i o n s . ,The change in  spacing of these  peaks i s  very  sm all 
and ra th e r  i r r e g u la r  over the  range of hydrations s tu d ied , as can be 
seen from the  raw d a ta  given in  ta b le s  4 .9  and 4 .1 0 , The e r ro r  on th ese
d a ta  i s  d i f f i c u l t  to  es tim a te , and i s  probably q u ite  la rg e , s ince o ften
/ '
the h igher order r e f le c t io n s  from the co llagen backbone were alm ost 
co inciden t w ith these broad r e f le c t io n s ,  (see sec tio n  3*2) However, even 
allow ing fo r  la rg e  e r ro r s ,  these r e f le c t io n s  do no t change enough w ith 
hydration  to  be h igher order r e f le c t io n s  of a re g u la r  l a t t i c e .  I t  i s  
most l ik e ly  th a t  the f i b r i l  transform  i s  mainly resp o n sib le  f o r  them. 
F u rth er d iscu ssio n  of th i s  i s  to  be found in  Sayers e t  a l  ( in  p rep a ra tio n )
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Table 4 '^  -  Change in  p o s itio n  of 2nd and 3rd peaks of X-ray d i f f r a c ­
t io n  p a tte rn  w ith hy d ra tio n . S tr ip s  of f re sh  cornea placed 
such th a t  X-rays are d ire c te d  p a r a l le l  to  (frontw ays) 
and a t  r ig h t  angles to  (sideways) the  v isu a l a x is .
Hydration
2nd peak/channel no. 3rd peak/channel no.
sideways frontways sideways frontways





2 .6 115 120 159 157
3 .0 117 116 158 158
3,1 113 116 154 156
3.3 133 174
3.7 114 117 156 157
4 .4 118 119 157 158
12.7 118 116 155 158
13.6 110 116 155 149
25.9 115 158
6U.
Table 4 - / Q -  Change in  p o s itio n  of 2nd and 3rd peaks of X-ray d i f f r a c ­
tio n  p a tte rn  with hydrd tion . S tr ip s  of p re -d r ie d  cornea 
placed such th a t  X-rays are d ire c te d  p a r a l le l  to  ( f ro n t­
ways) and a t  r ig h t  angles to  (sideways) the v isu a l a x is .
Hydration
2nd peak/channel no. 3rd peak/channel no.
sideways frontways sideways frontways
0.5 125 135 175
0.9 127 168
1.4 122 128 160 168
1.6 123 128 166 163
2 .5 116 168 159
■ 2 .6 120 118 158 155
3 .2 120 116 157 153
4 .0 118 114 157 153
5.1 115 118 155 154
6.1 116 114 154 153
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4 .3  Inorganic  Ion A n a ly s is .
Tables 4.11 and 4.12 give the  f ig u re s  obtained f o r  the q u a n ti t ie s
of sodium, potassium  and ch lo rid e  found in  the  corneal stroma. Table
4.11 g ives the a c tu a l concen tra tions of the  experim ental so lu tio n s  -
both those obtained by sw elling  10 cornea d isc s  in  40cm^ d i s t i l l e d  w ater,
and those prepared by d isso lv in g  the  residue  of the hydrogen peroxide
d ig e s tio n  of the swollen cornea in  40cm d i s t i l l e d  w ater. Table 4 .12
—1gives the  concen tra tions of the  ions as mmoles kg dry  t is s u e ,  and the 
percentage of each ion ex trac ted  by the d i s t i l l e d  w ater.
The da ta  given in  ta b le  4 .12  shows th a t  a la rg e  p roportion  of the
to t a l  sodium, potassium  and ch lo rid e  i s  ex tra c ted  by d i s t i l l e d  w ater.
Osmotic p ressure measurements of the  bathing so lu tio n s , taken a t  the  end
_ 1
of the two-hour sw elling  period  give a value of 4m0skg . Subsequent 
sw elling  of the same cornea in  f re sh  d i s t i l l e d  w ater gave a zero read ­
ing on the osmometer. However, even i f  a l l  the re s id u a l ions were e x t r ­
acted  a t  the second sw elling , the  re s u l t in g  osmotic p ressu re  would be 
too sm all to  r e g i s te r  on the instrum ent used. Both f re sh  and p re -d r ie d  
specimens were used, but the  r e s u l ts  were not s ig n if ic a n t ly  d i f f e r e n t .
I t  seems l ik e ly  th a t  very l i t t l e ,  i f  any, of the  inorgan ic  ions 
are  immobilised by the  macromolecular m atrix  of the com eal strom a.
Table 1 -  Inorganic ions ex trac te d  from the  com eal stroma by
sw elling  ten  9mm d isc s  in  d i s t i l l e d  w ater fo r  2 hours.
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Gone, ions in  so lu tio n s  prepared from 10 d isc s  
in  40 cm d i s t i l l e d  water/mM
[Ha,'"] [K+] [01“]
E x tracted 2.27 + 0.19 0.30 + 0.03 2.35  Î  0.12
Residual 0.12 + 0.01 0.01 + 0.003 0.10 + 0.01
Table L^ AZ- Inorganic ions e x tra c ta b le  by d i s t i l l e d  w ater, expressed 
as mmoles p er kg of d rie d  t i s s u e .
Ions in  c o m ja l stroma, c a lc u la ted  as mmoles 
kg dry t is s u e .
[Ha""] [ k”"] [C l"]
E x trac tab le 757 + 64 100 + 10 783 + 40
N on-extractable 40 + 3 3 .3  + 0.7 33 + 3
p ercen t e x t r 'd . 95^ 97% 96%
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4 .4  Change in  pH of bathing s o lu tio n .
3Figure 4 .14  shows the change in  pH of 40cra of bath ing  so lu tio n  
when ten  9mm cornea d isc s  are  swollen fo r  two hours. The lower curve 
gives a p lo t  of pH ag a in s t time f o r  a bathing so lu tio n  of d i s t i l l e d  
w ater, and th e  upper curve f o r  a bath ing  so lu tio n  of s ta r t in g  pH.^8 , 
(ad ju sted  w ith sodium hydroxide so lu tio n ) . The d a ta  f o r  these  two graphs, 
to g e th e r  w ith the  ac tu a l hydrogen ion  co n cen tra tio n s, are  given in  ta b le s  
4 .1 3  and 4 .1 4 .
At the end of the  2 hour sw elling  period  the bath ing  so lu tio n  from
the d i s t i l l e d  w ater experiment was found to  have an osmotic p ressu re  of 
—14 mOskg” . This value confirms th a t  found fo r  the  bathing so lu tio n s  
obtained during the a n a ly s is  of e x tra c ta b le  ino rg an ic  ions (sec tio n  4 .3 ) ,  
and a lso  the 4 + 1  mOskg  ^ found by measuring the  osmotic p ressu re  of 
the bath ing  so lu tio n s  a t  the end of the sw elling  experim ents on f re s h  
and p re -d r ie d  cornea d i s c s . ( l  d isc  in  4cm^ d i s t i l l e d  w ate r). This value 
was found f o r  f i r s t  sw ellings only; second and subsequent sw ellings prod­
uced a bath ing  so lu tio n  of zero osmotic p re ssu re , (but see sec tio n  4 .3 ) .
From ta b le  4.11 in  the previous sec tio n , we see th a t  th e  t o t a l  
ions e x tra c te d , measured by flame photometry, produce a bath ing  so lu tio n  
th a t  i s  4 .9mM in  co n cen tra tion . At th ese  very low co n cen tra tio n s  we can 
approximate osm olality  to  m o larity  of t o ta l  io n s , and conclude th a t  the  
osmotic p ressu re  observed i s  due to  e x trac ted  ino rg an ic  io n s . The r i s e  
in  pH observed when the  cornea sw ells  suggests th a t  ca tio n s  from the  
stroma are being exchanged f o r  hydrogen ions from the  bath ing  so lu tio n . 
However, a simple c a lc u la tio n  shows th a t  the p ro p o rtio n  of c a tio n s  
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Change in  pH of bathing so lu tio n  when cornea sw e lls .
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Table 4*13 -  bath ing  so lu tio n  
d i s t i l l e d  w ater.
Table 4*14- -  bath ing  so lu tio n  
ad justed  to  pH 8 a t  s t a r t .
Time/ 
m ins . pH [H*]/mM
Time/ 
mins. pH , [ H"*] /mM
0 5 . 4 0 3 . 9 8  X I C r ^ 0 8.08 8 . 3 2  X 1 0 " 6
1 6 . 2 0 6 . 3 1  X 1 0 - 4 1 8 . 1 8 6 . 6 1  X 1 0 " 6
2 6 . 7 5 1.78  X 10-4 2 8 . 1 5 7.08  X 1 0 " ^
3 6 . 9 5 1.12 X 10-4 3 8 . 1 5 7.08  X 10-6
4 7 . 0 8 8 . 3 2  X 10-5 4 8.16 6 . 9 2  X 1 0 - 6
5 7 . 1 7 6 . 7 6  X 10-5 5 8 . 1 5 7.08  X 10-6
6 7 . 2 3 5 . 8 9  X 10-5 6 8.14 7.24  X 10-6
7 7 . 2 6 5 . 5 0  X 10-5 7 8 . 1 3 7.41 X 10-6
8 7 . 3 2 4 . 7 9  X 10-5 8 . 8 . 1 3 7.41 X 10-6
9 7 . 3 4 4 . 5 7  X 10-5 9 8.12 7 . 5 9  X 1 0 - 6
10 7 . 3 8 4 . 1 7  X 10-5 10 8 . 1 3 7.41 X 10-6
1 5 7 . 5 9 2 . 5 7  X 10-5 1 5 8 . 1 5 7 . 0 8  X 1 0 - 6
20 7 . 6 6 2 . 1 9  X 10-5 20 8.18 6 . 6 1  X 1 0 - 6
2 5 7 . 7 3 1.86 X 10-5 2 5 8.18 6 . 6 1  X 1 0 - 6
3 0 7 . 7 0 2.00  X 10-5 3 0 8 . 1 9 6.46  X 10-6
4 5 7 . 7 9 1 . 6 2  X 10-5 4 5 8.20 6 . 3 1  X  1 0 - 6
6 0 7.81 1 . 5 5  X 10-5 60 8 . 2 3 5 . 8 9  X 1 0 - 6
9 0 7.84 1 . 4 5  X 10-5 9 0 8 . 2 3 3 . 8 9  X 1 0 - 6
120 7 . 8 5 1.41 X 10-5 120 8 . 1 9 6.46  X 10-6
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The experiments to  measure the  change in  pH of the bath ing  so lu tio n  
and those to  determ ine the  e x tra c ta b le  inorgan ic  ions both used 10 d isc s  
of cornea (9mm in  diam eter) in  40cm^ d i s t i l l e d  w ater. Therefore we can 
make a d i r e c t  comparison between the  so lu tio n s .
For a pH change of 5*40 to  7*85, the change in  hydrogen ion conc- 
-3e n tra tio n  i s  3*97 x 10 mM. The t o t a l  ca tio n s  ex tra c te d  from the cornea 
co n trib u te  2.6mM to  the m o larity  of the bathing so lu tio n . The ca tio n s  
ex tra c te d  by d l s t i l l e l  w ater a re  a  f a c to r 'o f  n ea rly  10 g re a te r  than  the 
hydrogen ions taken up by the cornea.
When a bath ing  so lu tio n  of s ta r t in g  pH~8 i s  used, th e re  i s  e f f e c t ­
iv e ly  no hydrogen ion exchange, suggesting th a t  the n a tu ra l  in te rn a l  pH 
of the f lu id  in  the  com eal stroma i s  about 8. As the pH of the bath ing  
so lu tio n  i s  reduced, in c reasin g  amounts of hydrogen ions w ill  be taken 
up, and consequently in c reasin g  numbers of n eg a tiv e ly  charged s id e  chains 
on the macromole cu la r  m atrix  w ill  be n e u tra lis e d . This means th a t  the  
m atrix f ix e d  charge w ill  decrease with pH -  as the r e s u l t s  of the m icro­
e lec tro d e  measurements in  the next sec tio n  in d ic a te .
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4 .5  M icroelectrode Measurements.
The p o te n tia l  d iffe ren ce  th a t  i s  observed between th e  in s id e  of 
the corneal stroma and i t s  bath ing  so lu tio n , a r is e s  because of the 
presence of an o v e ra ll negative charge on the  macromolecular m atrix  
(m atrix f ix e d  charge), # i c h  i s  balanced by sm all d iffu sa b le  c a tio n s .
At equ ilib rium  an e lectrochem ical g rad ien t i s  produced between the  in ­
side and the ou tside of the strom a. The in te rn a l  co n cen tra tion  of d i f f -  
usable ions can be ca lcu la ted :
CL =  Cg X  exp( -RT/ZF x  E) (N em st equation)
Where: G. = in te rn a l  concen tra tion  of the ion .
Z charge on the  ion .
C = ex te rn a l concen tra tion  of the  io n . o
E = measured p o te n tia l  d if fe re n c e .
R = Gas co n stan t.
T = abso lu te  tem perature.
F = Faraday co n stan t.
A computer program based on the  P e rrin  equation (P e rr in  and Sayce, 
1967) was used to  c a lc u la te  the f re e  e x te rn a l co n cen tra tio n s of each io n , 
and the in te rn a l  concen tra tions ca lc u la ted  from the  above equation  using  
a s so c ia tio n  constan ts  given in  S ille n  and M artell (1964).
The m atrix f ix e d  charge can then be c a lcu la te d  as th e  sum of the  
in te rn a l  ion concen tra tions ( tak in g  the  charge in to  accoun t):
[P r ‘ ]  =
In applying th i s  theory to  cornea, i t  i s  necessary  to  make two 
basic  assum ptions. F i r s t ly ,  s ince  cornea sw ells alm ost in d e f in i te ly  in  
aqueous so lu tio n s , no s ta te  of equ ilib rium  can be a t ta in e d . I t  i s  assum­
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ed that th is  has no s ig n if ica n t e f fe c t  because the sw elling rate i s  
su f f ic ie n t ly  slow that quasi-equilibrium  conditions probably apply. 
Secondly, the measured matrix fixed  charge i s  expected to vary inversely  . 
with hydration as the fix ed  charge i s  d ilu ted  at higher hydrations, and 
i t  i s  assumed that th is  variation  i s  lin ear; at le a s t  over the range of 
hydrations encountered fo r  fresh  cornea. At very high hydrations the 
re su lts  ind icate that th is  i s  not so .
The two computer programs used here calculated means and standard 
errors of matrix fix ed  charge ([Pr ] )  and £Pr ]  x hydration (h)
for  each experiment, and the weighted mean 
of [Pr ] X H fo r  each pH of buffer so lu tion , and p lo tted  th is  as a graph 
of [Pr J  X H against pH. Table 4.15  gives the r e su lts  obtained fo r  fresh  
cornea in  all-phosphate bathing so lu tion s of various pH's. Table 4 . l 6 
gives the r e su lts  obtained fo r  pre-dried cornea in  a phosphate buffer of 
pH 7 • 75* Table 4.17  gives the re su lts  fo r  sodium chloride extracted  
cornea and the control in  pH 6,8  phosphate bathing so lu tion . Table 4.18 
gives the re su lts  obtained fo r  fresh cornea in a chloride-containing  
bathing so lu tion  of pH 5 • 75»
Apart from the sodium chloride extracted and control specimens, 
a l l  the cornea were at approximately p h ysio logical hydration. The vari­
ations in  hydration were compensated fo r  by m ultiplying the matrix fixed  
charge ([Pr J )  by the hydration (h ) . The relevancy of these values of 
jpr ]  X H depend on the lin e a r ity  of the inverse rela tionsh ip  between 
[Pr J  and hydration. I f  we assume a uniform hydration of the p iece of 
cornea then matrix fixed  charge should be in verse ly  proportional to  
hydration as shown by Goodfellow ( 1975) *  However, other work presented  
in  th is  th e s is  suggests that in  fa c t  the d istr ib u tion  of water in  the 
swollen cornea i s  not uniform. The matrix fixed  charge determinations 
performed on p h ysio log ica lly  hydrated cornea show a large variation
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Table 4 4 5  -  Change in  [P r”] x H w ith pH of bath ing  so lu tio n  f o r  f re sh  









[Pr ] xH/ 
mM
-1 .7  + 0.2 1.7  + 0.4 3 .6  + 1.0 6 + 2
2.95
-5 .9  + 0.7 8.2  + 1.1
1
2 .4  + 0.6 20 + 6
13 + 8
-4 .0  + 0.3 6.3  + 0.5 3.2  + 0.4 20 + 3
-1 0 .4  + 0.2 17.1 + 0.4 3.1  + 0.7 53 + 12
-12 .3  + 0.4 20.5  + 0.7 3 .5  + 0.4 72 + 9
3.90
-2 1 .7  + 0.5 39.1 + 1.1 3.3  + 0.4 129 + 16
75 + 15
-21 .1  + 0.7 37.9  + 1.5 2 .0  + 0.6 76 + 23
-21 .7  + 0 .8 39.1 + 1.7 2.5  + 0 .4 98 + 16
-19 .2  + 0.5 34.8  + 1 .0 2.7  + 0.2 94 + 8
-1 4 .8  + 0.3 25.9 + 0.6 2 .2  + 0.2 57 + 5
-20 .3  + 0.3 37.2  + 0.7 1.9 + 0.3 71 + 11
4.93
-17 .9  t  0.4 32.1 + 0.9 2.1  + 0.3 67 + 10
67 + 6
-17 .5  t  0.3 31.2 + 0.6 1.8  + 0.3 56 + 9
- 17.5 t  0.4 31.2  + 0 .8 1.7  + 0.3 53 + 9
(+ s .e .m , n=20)












-25 .1  + 0.5 44.7  t  1.2 2.3  + 0.3 103 + 14
-23 .2  + 0 .4 40.4  + 0.8 2.3  + 0.2 93 t  8
-24 .5  + 0.3 43.3  t  0.7 2.5  t  0.2 108 + 9
5.85
—24.6 + 0 .4 43.5  t  I 'O 2.2  + 0.2 96 + 9
97 + 3
-23.0  + 0 .4 40.1 + 0 .8 2.3  + 0.1 92 + 4
-22 .4  + 0 .5 38.7  + 1.1 2.3  + 0.2 89 + 8
-31.9 t  0 .8 51.9 1 1.7 2.5  + 0 .4 130 + 21
-32.3  + 0 .6 52.7 + 1.3 2.6  + 0.5 137 + 27
- 30.8  + 0 .4 49.5  t  0 .8 2.2  + 0.3 109 + 10
-32 .2  + 0 .6 52.6 + 1 .4 2 .2  + 0.4 116 + 16
6.80 -30 .5  + 0 .4 48.7 + 0.9 2.2  + 0.5 107 + 24 110 + 10
-29 .6  + 0 .5 46.9 + 1 .2 3.3  + 0.3 156 + 15
- 23.6 + 0 .7 35.4  + 1 .2 2.5  + 1.0 88 + 35
-19.1 + 0.6 27.9 + 1.0 2 .8  + 1.2 78 + 34
-18.9  + 0 .8 27.6 + 1.2 2 .4  + 0 .8 66 + 22













-32.1 + 1.6 46.4  + 3.3 2.3  Î  0.6 107 + 29
-43.5  + 1.0 74.7 + 2.9 2 .6  + 0.4 194 + 31
- 37.8  + 1.2 59.0 + 2.9 2.7  + 0.5 159 + 36
- 36.2 + 0.6 55.2 + 1.5 2.8  + 0.5 154 + 28
- 29.5 Î  1.0 41.4  + 1.8 2.9  t  0.4 120 + 17
7.75 - 26.7 + 0.8 36.7  + 1.4 2 .8  + 0.2 103 Î  8 116 + 12
-24.9 + 1.4 36.1 + 0.8 2.6  + 0.7 94- + 25
- 22.0 + 0.5 29.4  + 0.7 3.0  Hr 0 .8 88 + 24
-24.1 + 0.6 32.4  + 1.0 2.7  + 0.8 88 + 26
- 19.7 + 1.9 30.4  + 0.8 2.6  + 0.7 79 + 21
-21.1 + 0 .8 28.1 + 1.1 2.7  Î  0.9 76 + 20
- 39.9 t  1 '2 67.0 + 3.4 2.3  t  0.5 154 + 34
- 35.5 t  0-8 55.8  + 1.8 2 .6  + 0.4 145 + 23
- 37.8  + 1.0 61.3 + 2.6 3.0  + 0.4 184 + 26
8.30
- 38.9 Î  1.1 64.3 + 3.0 2 .8  + 0.6 180 + 39
166 + 7
-41.2  + 1.5 70.6 + 4 .5 2.5  t  0.5 177 + 37
- 37.3 Î  0.6 60 .0 + 1.6 2.6  + 0.5 156 + 24
(+ s .e .m. ,  n=20)
Table A-‘16  -  Change in  [Pr ] x H on p re-d ry ing  cornea. Specimens 
rehydrated  in  bath ing  so lu tio n  to  approxim ately 
p h y sio lo g ica l hyd ra tio n . A ll phosphate b u ffe r  with 












-34.0  + 0 .5 50.3 + 1.1 3.1  + 0 .7 156 + 35
-34 .7  + 1.0 51.8 + 2 .2 2 .6  + 0.9 135 t  47
7.75
-37 .5  1 0 .8 58.2 + 2 .0 3 .4  + 0.3 198 + 19
178 + 18
-46 .7  t  0 .8 85.1 + 2 .7 2 .6  + 0 .4 221 + 35
(+ s .e .m . , n=20)
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Table ^*17 -  Change in  [Pr”] x H on e x tra c tio n  of f re sh  cornea with 
O .I5M sodium ch lo ride  so lu tio n .
measured
p.d./mV [Pr ]/mM Hydration







-18 .4  + 0 .8
- 13.9 Î  0.5  
- 15.2 + 0.8
26.8  + 1.3 
20.1 + 0.7  
22.0 + 1.2
12.2 + 1.2 
12.8 + 1.8 




219 t  76
10 0
H  W CD
0a b0\O 
-p a  11
- 26.4 + 0.7  
- 13.6 + 0.5  
- 19.2 + 0.6
40.4  + 1.3 
19.7 + 0.7  
28.0 + 1.0
5.8  + 0.3 
4 .3  + 0.1 
2.6  + 0.5
234 + 14
85 + 3
73 Î  20
131 t  52
(+ s .e .m . , n=20)
Table -  Change in  [Pr ] x H on ad d itio n  of ch lo ride  to  the  bathing
so lu tio n , w h ils t m aintaining the io n ic  s tre n g th  a t  0 .02.
measured
p.d./mV [P r ]/mM Hydration
[ P r”] xH/ 
mM
- 32.6  + 0.6 65.2 + 1.8 2.9  t  O 'l 189 + 8
- 31.4  + 0 . 6 61.6  + 1.7 2.7  + 0.1 166 + 8
- 30.0  + 0.5 5 7 . 6  + 1.3 2 .8  + 0.2 161 + 12
- 31.7  + 0.5 62.6 + 1.6 3 . 1  + 0.1 194 + 8
- 31.1 + 0.3 60.7  + 0.9 3 . 0  + 0.1 182 + 3







+5 -P w 
rQ ^  Ü
A  ‘H y- w a d o o 
0) n  «H
B -O .*0 Ü vn rcl
s S S
179 + 6
(+ s .e .m . , n=20)
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in  the r e s u l ts  from d if f e re n t  specimens, and th i s  v a r ia tio n  i s  la rg e  
enough to  mask any d iffe ren ce  due to  hyd ra tion . However, in sp ec tio n  of 
the  r e s u l t s  fo r  sodium ch lo ride  e x trac ted  cornea ( ta b le  4 .1 8 ), where 
two of the specimens were a t  very high hydrations (used s t r a ig h t  a f t e r  
washing with w ater) and one was d ried  and rehydrated  to  p h y sio lo g ica l 
hyd ra tion , suggests th a t  th e re  i s  no sim ple re la t io n s h ip  between £ p r  J  
and h y dra tion . For s im p lic ity , the mean of the j^Pr ] x H of th ese  r e s u l ts  
and of the co n tro l have been ca lcu la ted  and are  p lo tte d  as a graph of 
|[Pr” J X  H a g a in s t pH in  f ig u re  4.15* There does no t seem to  be any 
s ig n if ic a n t  d iffe ren ce  between these  two values, suggesting  th a t  0.15M 
sodium chlopide so lu tio n  does not e x tra c t  any apprec iab le  amount of 
charge-carry ing  m olecules. In  f a c t ,  both these  values are  r a th e r  lower 
than th a t  obtained fo r  f re sh  specimens in  the same pH b u ffe r  (6 .8 0 ) , but
the  d iffe ren ce  i s  not s ig n if ic a n t  given the la rg e  s tandard  e rro rs
involved.
Figure 4 . l6  i s  a graph of [P r”]  x H ag a in s t pH fo r  f re s h  cornea. 
There i s  considerable  v a r ia t io n  from one specimen to  ano ther, and a t  low 
pH's (5 and under) the cornea became very tough and g re a t d i f f i c u l ty  was 
experienced in  in se r t in g  the m icroelectrode so th a t  the  time taken to  
make 20 measurements was r a th e r  longer than a t  h igher pH 's. However, 
the  graph does show a steady in crease  in  m atrix  f ix e d  charge w ith pH,
a p a r t from the p o in ts  around pH 7 and 8, which are  no t s ig n if ic a n t ly
d if f e r e n t  from each o th er.
In  f ig u re  4.17 a comparison i s  made between p re -d r ie d  and f re s h  
t is s u e  in  bathing so lu tio n s  of the same pH. The p re -d r ie d  specimens were 
rehydrated  in  the  bathing so lu tio n  to  about the same hydration  as  the 
f re sh  t is s u e .  The s ig n if ic a n tly  h igher m atrix  f ix e d  charge found in  the 





Matrix fix ed  charge x hydration against pH for  
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Figure 4.16
V aria tio n  in  m atrix  f ix e d  charge x hydration  
w ith pH fo r  f re s h  com ea.
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Figure 4 .1 7
M atrix f ix e d  charge x hydration  ag a in s t pH f o r  
f re sh  and p re -d rie d  com ea.
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a t  a given hydration  i s  sm aller in  p re -d rie d  specimens than in  f re s h . 
(See f ig u re  4.13 In  previous sec tio n )  This would mean th a t  the volume 
of w ater between the f i b r i l s  i s  le s s  than expected, and would have the 
e f fe c t  of concen tra ting  the m atrix  f ix e d  charge.
Figure 4 .18  shows the e f fe c t  of adding ch lo ride  to  the  bath ing  
so lu tio n s . Both r e s u l t s  shown were from f re s h  specimens in  bath ing  s o l­
u tio n s  of pH''^5*8* The very la rg e  d iffe ren ce  in  m atrix  f ix e d  charge i s  
most l ik e ly  due to  ch lo ride  ions becoming immobilised by and a sso c ia ted  






Matrix fixed  charge x hydration against pH for  fresh  
cornea in  an a l l  phosphate bathing solution  
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4.6 Microscopy.
4 .6 .1  T esting  the  Serum.
The Ouchterlony method (Ouchterlony and N ilsson , 1973) f o r  check­
ing the  an ti-serum  obtained from the two ra b b its  showed th a t  both cont­
a ined  a t  l e a s t  two an tib o d ie s  f o r  the e x tr a c t .  F igure 4.19 i s
a  photograph of one of the  Ouchterlony p la te s  which was s ta in e d  w ith 
Coomassie Blue (Ouchterlony and N ilsson , 1973) to  in crease  the c o n tra s t 
f o r  the camera. The unsta ined  p r e c ip i t in  l in e s  were c le a r ly  v is ib le  to  
the  eye when viewed ag a in s t a dark background.
S im ilar t e s t s  performed on the  p ig  in v e r te b ra l d isc  an ti-serum  
produced no p re c ip i t in  l in e s  a t  any of the  d ilu tio n s  used.
4 .6 .2  Immunofluorescence.
F igures 4 .20  to  4.23 a re  photomicrographs of s ec tio n s  of f re s h  and 
p re -d r ie d  com ea a t  both p h y sio lo g ica l and h igher h y d ra tio n s . A low d i l ­
u tio n  of serum was used here and the sec tio n s  are  very o v ersta in ed . How­
ever, although i t  i s  im possible to  claim any s p e c if ic  binding of a n t i ­
bodies, the technique does produce some in te re s t in g  p ic tu re s  -  p a r t i ­
c u la r ly  of very swollen specimens. F igure 4 .20 , a se c tio n  of normal f re sh  
com ea, i s  s im ila r  to  p ic tu re s  of mammalian com eal stroma obtained  by 
o th er workers. ( Payrau e t  a l , I 967)
The sec tio n  shown in  f ig u re  4.21 of very swollen f re s h  com ea shows 
a r a th e r  d if f e re n t  s tru c tu re  to  th a t  seen in  f re sh  t i s s u e .  The open-ness 
of the s ta in ed  m ate ria l suggests th a t  la rg e  a reas  devoid of f i b r i l s  are  
being formed. I f ,  as seems p o ss ib le , th ese  'l a k e s ' a re  tending  to  form
v v
Figure 4 19 - Ouchterlony p la te  s ta in ed  w ith Coomassie Blue, showing 
two p re c ip i t in  l in e s  between the cen tre  w ell con tain ing  
nea t an tigen  and the ou ter well con tain ing  nea t serum.




Figure 4 ’21 - Fresh cornea swollen fo r  4 hours in  d is t i l le d  water 
Hydration of specimen 20.
(N.B. a l l  photomicrographs - m agnification i s  X 200.)
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Figure 4-22 - Pre-dried comea rehydrated in d is t i l le d  water to a 





Figure 4*23 -  Pre-dried cornea swollen for 4 hours in d is t i l l e d  water, 
Hydration of specimen /v'20.
between the lam m ellae, i t  appears th a t  the boundaries between lam ellae 
are no t w ell-defined ; some interw eaving of f i b r i l s  between neighbouring 
lammellae occurs.
The two f ig u re s  4 .22  and 4.23 show sec tio n s  of p re -d r ie d  cornea 
rehydrated  to  about p h y sio lo g ica l and very high h y d ra tio n s . The p ic tu re  
fo r  very swollen specimens i s  s im ila r  to  th a t  f o r  f re sh  but w ith the 
s ta in ed  m a te ria l more condensed and lake areas la r g e r .  F igure 4.22 looks 
nothing l ik e  the sec tio n  of f re sh  cornea in  f ig u re  4 .20 . The lammellae 
are  le s s  w ellrdefined , but do not show the wavyness of those in  the f re s h  
se c tio n .
Figure 4 .24 , the sodium ch lo ride  ex trac ted  specimen, shows some 
d iso rd e r  as might be expected a f t e r  the e x trac tio n  procedure, and the 
s t r ip s  of very b r ig h tly  s ta in ed  m a te ria l seen p a r t ic u la r ly  in  the very 
hydrated f re sh  and p re -d ried  specimens are  absent from th is  s e c tio n . The 
co n tro l specimen (fig u re  4 .25) a lso  appears d iso rd ered , but s t i l l  r e ta in s  
some of the b r ig h tly  s ta in in g  m a te ria l.
The specimens th a t  were s ta in ed  using  h igher d i lu t io n s  of serum 
( l ;30 and 1 :300) produced only very weakly s ta in ed  sec tio n s  th a t  were 
im possible to  photograph su cc e ss fu lly . The 1:30 d i lu t io n  produced 
sec tio n s  s im ila r  to  those reproduced here , though le s s  b r ig h t, and the 
1:300 d i lu tio n  produced sec tio n s  with very l i t t l e  s ta in in g  except f o r  a 
few b r ig h t s tre a k s  th a t  probably correspond to  the b r ig h te r  s tre a k s  seen 
on the o ther s e c tio n s .
The p ig  in v e r te b ra l d isc  antiserum  produced s im ila r  though much 
weaker s ta in in g  to  the s p e c if ic a l ly  prepared antiserum , (f ig u re  4 .26) 




Figure L‘2 k - Cornea ex trac ted  w ith  O .I5M sodium ch lo rid e  so lu tio n  and 
washed in  d i s t i l l e d  w ater.
1_____
Figure k-25 - Control specimen f o r  sodium ch lo rid e  e x tra c tio n
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Figure U'ilp -  Fresh cornea stained with pig invertehral d isc  proteo­
glycan antiserum. _^________ ,
too /lK iw
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I t  i s  probable th a t  the main an tigens in  the crude e x tra c t  were p ro te in s  
or g lycopro te in s and no t p ro teog lycans, and even these  were not complet­
e ly  removed during the ex tra c tio n  p rocess . Silverman e t  a l  ( I 98O) found 
an an tig en ic  p ro te in  of m olecular weight ^ 5 4  000, th a t  was e a s i ly  
ex trac ted  from bovine corneal stroma w ith low io n ic  s tre n g th  so lu tio n s .
4 .6.3 A cridine Orange and Eosin and Haematoxylin S ta in in g .
F igure 4 .27  shows a sec tio n  of f re sh  cornea s ta in ed  w ith A cridine 
O range,w hich i s  a s ta in  th a t  binds to  ac id  m ucopolysaccharides, prod­
ucing an orange fluo rescence on a green background. (Hicks and M atthaei, 
1958) .  The orange areas shown in  the photomicrograph are ty p ic a l  of the 
p a tte rn  seen fo r  fre sh  cornea w ith th i s  s ta in .  However, sw ollen and 
ex trac ted  specimens showed no orange s ta in in g  a t  a l l .  F igure 4 .28  i s  
an eosin and haematoxylin s ta in ed  sec tio n  of f re s h  cornea. The n u c le i 
of the k era to cy tes  are  v is ib le  as dark purple a re a s . I t  i s  p o ss ib le  th a t  
the orange a reas of f ig u re  4 .2?  correspond to  the  p o s itio n  of k e ra to cy tes  
which are  producing the ac id  m ucopolysaccharide-containing p ro teog lycans. 
Swelling and e x trac tio n  would be l ik e ly  to  destroy  th ese  c e l l s ,  which 
would account f o r  the lack  of a c rid in e  orange s ta in in g  in  such specimens.
92,
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Figure J+-21 - Fresh cornea s ta in ed  w ith A cridine Orange
loo




5.1  The e f fe c ts  of p re-d ry ing  com eal strom a.
The r e s u l t s  presen ted  in  the previous chap ter in d ic a te  th a t  drying 
over s i l i c a  g e l has an e f fe c t  on the rehydra tion  p ro p e rtie s  of co m eal 
strom a. The im p lica tio n s  of the  observed changes in  sw elling  r a te ,  
i n t e r f i b r i l l a r  spacing and m icroscopical appearance a re  d iscussed  in  
d e ta i l  h e re .
5 . 1.1 Swelling in  d i s t i l l e d  w ate r.
Com eal stroma th a t  has been p re -d r ie d  sw ells  more slow ly and to  
a lower f in a l  hydration  than f re sh  t i s s u e .  A nalysis of the  a c tu a l sw ell­
ing curves shows th a t  the r a te  of sw elling  i s  not too  d if f e r e n t  i n i t i a l l y ,  
but th a t  i t  le v e ls  o ff  much more (quickly fo r  p re -d r ie d  t is s u e  than  fo r  
f re s h . This seems to  suggest th a t  some fo rce  i s  operating  in  p re -d r ie d  
t is s u e  th a t  r e s t r i c t s  the movement of w ater in to  the  t is s u e  a t  h ig h er 
h y d ra tio n s , but has l i t t l e  or no e f fe c t  a t  low h y d ra tio n s . Some s o r t  of 
c ro ss -lin k in g  between the f i b r i l s  and /or the  lammellae i s  p o s s ib le . These 
c ro s s - lin k s  may be thought of as 's p r in g s ' which o f fe r  very l i t t l e  r e s ­
is ta n c e  to  s tre tc h in g  in  the  i n i t i a l  s tag es  and produce p ro g ress iv e ly  
more tension  as the  t is s u e  sw e lls .
The n a tu re  of these proposed s tru c tu re s  i s  r a th e r  d i f f i c u l t  to  
envisage. I t  seems u n lik e ly  th a t  covalent bonding i s  involved, p a r t ic u l ­
a r ly  as drying once-swelled t is s u e  produces the re v e rse  e f f e c t  w ith  a 
g re a te r  second sw elling  r a te .  The main d iffe ren ce  between f re s h  and once-
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sw elled cornea appears to  be the  ino rgan ic  ion co n ten t. The e f fe c t  of 
e x tra c tin g  n ea rly  a l l  the  Na , K , and Cl during the  f i r s t  sw elling  
in d ic a te s  th a t  these ions p lay  some ro le  in  producing the r e s t r i c te d  
sw elling . B io log ical macromolecules, e x is tin g  as they do in  an aqueous 
environment, have w ater molecules c lo se ly  a sso c ia ted  w ith them which 
a re  an in te g ra l  p a r t  of th e i r  t e r t i a r y  s tru c tu re .  The removal of w ater 
molecules can produce conform ational changes w ith the  form ation of in t r a -  
and in te r-m o lecu la r hydrogen and hydrophobic bonding, a  thermodynamically 
c o n tro lle d  process where the entropy term i s  probably dominant, and the  
a c tiv a tio n  energy of th e  reverse  re a c tio n  i s  r e la t iv e ly  h igh . X-ray 
c ry s ta llo g rap h y  has been used to  show th a t  the  s tru c tu re  of hydrated 
glycosaminoglycans in  v i t r o  depends to  a c e r ta in  ex ten t on th e  ca tio n s  
p resen t in  so lu tio n , (A m ott, Guss and W inter, 1975)* I t  seems l ik e ly ,  
the^^ore, th a t  the  ca tio n s  p lay a ro le  in  m aintaining the conformation 
of the glycosaminoglycans in  the com eal stroma, and i t  i s  th ese  molec­
u le s  th a t  are  resp o n sib le  f o r  the  r e s t r i c te d  sw elling  in  p re -d r ie d  com ea, 
On drying, th e  close approach of glycosaminoglycan chains a s so c ia ted  w ith 
neighbouring f i b r i l s  and the  exclusion  of w ater from between them may 
i n i t i a t e  the form ation of in te rm o lecu la r weak bonding in te ra c t io n s  
which would e f fe c tiv e ly  form c ro s s - l in k s . To exp lain  why th i s  process . 
does no t happen in  com ea dep le ted  of inorgan ic  io n s , we assume th a t  the  
conform ational s tru c tu re  of the  glycosaminoglycans i s  l o s t  on removal of 
the  ions and the  po lysaccharride  chains are  too open and amorphous to  
allow  s u f f ic ie n t  weak bonding in te ra c t io n s  to  occur.
5 .1 .2  D eterm ination of i n t e r f i b r i l l a r  spacing by X-ray d i f f r a c t io n .
I n t e r f i b r i l l a r  spacing determ inations were c a r r ie d  out over a 
range of hydrations f o r  both f re sh  and p re -d ried  com eal strom a. The 
r e s u l ts  obtained showed th a t  th e re  were two d i s t in c t  p o pu la tions -  th e
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values fo r  fresh  t is su e  and those fo r  pre-dried. This very unexpected 
r e su lt  in d icates that the structure of the corneal stroma i s  not as 
simple as the sw elling experiments suggested. In order to  take account 
of the fa c t  that, at a given hydration, the in te r f ib r i l la r  spacing i s  
sm aller in  pre-dried t is su e  than in  fresh , we must postu late a model 
that allows the water to  he present in  d ifferen t environments. The in cr­
ease in  in te r f ib r i l la r  spacing with hydration shows that at le a s t  some 
of the water entering the comea goes between or in to  the f ib r i l s .  To 
give the observed d iffra ctio n  pattern, i t  i s  not necessary to have a very 
regular arrangement of f ib r i l s  throughout the com ea, but there must be 
regions where the f ib r i l s  are clumped together with a fa ir ly  constant 
in te r f ib r i l la r  spacing. Regions very much larger than the in te r f ib r i l la r  
spacings, which are devoid of f ib r i l s  would not produce detectab le X-ray 
r e f le c t io n s , although information about these may be present in  the 
d iffu se  sca tter in g . A structure where f ib r i l s  e x is t  as bundles, l ik e  
that shown in  figure 5*1> separated by r e la t iv e ly  large spaces, i s  not 
in con sisten t with the resu lts  obtained from X-ray d iffra c tio n  experiments.
Figure 5-1 -  two dimensional section  of a region in which severa l
chain molecules are approximately p a r a lle l.  
(Vainshtein, I 966)
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5 .1 .3  The structure from microscopy s tu d ies .
Immunofluorescence microscopy i s  a w ell estab lished  technique which 
allows the d istr ib u tion  of antigenic macromolecules in b io lo g ica l t is su e  
to  be determined. In th is  study, an attempt was made to  use th is  
technique to lo c a lis e  the proteoglycans in the com eal stroma. The sodium 
chloride extract used as an antigen, however, was not p u rified  and was 
presumed to  contain several antigen ic sp ecies. Thus the serum obtained 
from the immunised rabbits contained more than one type of antibody (a t  
le a s t  two were demonstrated by the appearance of p rec ip itin  l in e s  on the 
Ouchterlony p la te s ) . The subsequent binding of serum antibodies to  the 
section s of comea proved to  be n on -sp ecific , and not of much use for  
id en tify in g  the proteoglycans. However, th is  technique did produce micro­
graphs that show some in terestin g  stm ctu ra l fea tu res. Unlike electron  
microscopy and the more common types of l ig h t  microscopy, the t is su e  was 
not fix ed  before section ing and sta in in g . This avoids a r t ifa c ts  due to  
the f ix in g  process; a paxticular problem when the water content of the 
tis su e  i s  high as in  swollen specimens. However, there are, of course, 
other problems associated  with using frozen sec tio n s . Although f a s t -  
freezing should minimise the formation of large ic e -c r y s ta ls ,  there i s  
s t i l l  the p o s s ib il ity  that th is  might happen, giving r is e  to  equally  
troublesome a r t ifa c ts . Also there may be some shrinkage and tearing of  
the t is su e  when the section s are dried onto the s l id e s .  Thus, several 
section s of d ifferen t specimens were viewed, and very con sisten t r e su lts  
were obtained.
Fresh and pre-dried specimens showed s ig n if ic a n t  d ifferen ces , both 
at p h ysio logical and at higher hydrations. Both types of specimen showed 
evidence of large areas devoid of f ib r i l s  at high hydrations, but the 
pre-dried section s appeared to  have th e ir  stained  m aterial in  a more
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c lo se ly  packed form than th e  f re sh , and la rg e r  u n s ta in ed  a reas were evid­
e n t. This c lo se r  packing was a lso  seen in  the sec tio n s  of com ea a t  phys­
io lo g ic a l  hyd ration . The suggestion  th a t  the s ta in e d  a reas  a re  co llagen 
p lus o ther macromolecules, and the u nsta ined  areas a re  spaces or *lakes® 
i s  te n ta t iv e ,  hu t th i s  in te rp re ta t io n  i s  vexy much in  agreement w ith  the 
r e s u l t s  obtained from the  sw elling  and X-ray s tu d ie s . The arrangement of 
s ta in e d  m ate ria l as seen in  th e  micrographs a lso  suggests th a t  th e re  i s  
considerab le  interw eaving between lammellae. The b r ig h t specks, which 
become more concentrated  in  p re -d rie d  t i s s u e ,  may be the  s i t e s  of the 
proteoglycan m olecules, and the  conformation and /o r d is t r ib u t io n  of these  
m olecules i s  d i f f e r e n t  in  p re -d r ie d  com ea.
5 .1 .4  M icroelectrode measurements.
The use of th is  technique to  determ ine the m atrix  f ix e d  charge 
r e l i e s  on measuring an 'a v e ra g e ' p o te n tia l  d iffe re n c e  between th e  in s id e  
of the  t is s u e  and i t s  bathing so lu tio n . For a  com pletely homogeneous 
m a te ria l th i s  p o te n tia l  i s  th e  same throughout the  whole t i s s u e .  However, 
f o r  a l a t t i c e  of charged cy lin d e rs , the p o te n tia l  w il l  vary across  the  
l a t t i c e .  This p o te n tia l  a r is e s  because the  f i b r i l s  are  n eg a tiv e ly  char­
ged and th e re  w ill  be an uneven d is t r ib u t io n  of the  ions between them, 
w ith the ca tio n s tending  to  move towards the  f i b r i l s  and the  anions 
away from them. Because of the  r e la t iv e ly  la rg e  s iz e  of th e  m ic ro e le c tr ­
ode t i p  ( '^1 /^m ), what we measure i s  an average p o te n t ia l  f o r  the  l a t t i c e ,  
as dem onstrated in  f ig u re  5*2. (see over page)
In th is  th e o re t ic a l  model, where the  f i b r i l s  a re  evenly spaced 
and the  w ater in  the  com ea i s  evenly d is tr ib u te d , the  co n cen tra tio n  of 
f ix e d  negative charge w ill  vary in v e rse ly  w ith hy d ra tio n . However, i f  
some areas of the stroma are devoid of f i b r i l s ,  th i s  sim ple r e la t io n s h ip
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Figure 5 « 2 -  V aria tion  of p o te n tia l  across  the i n t e r f i b r i l l a r  space
does no t hold. A measurement taken w ith the  m icroelectrode in  a bundle of 
f i b r i l s  w ill  give a p o te n tia l  d iffe ren ce  r a th e r  h igher than the  average 
fo r  the whole t i s s u e .  I f  the  m icroelectrode en te rs  a reg ion  con ta in ing  
no f i b r i l s  the  measured p o te n tia l  would probably be c lo se  to  zero . Since 
i t  i s  no t p o ssib le  to  determ ine whether a n ear-ze ro  read ing  a r is e s  from 
th i s  or from in c o rre c t p en e tra tio n  of the  specimen, any such spurious 
read ings were ignored. The r e s u l t  of th i s  i s  th a t ,  f o r  any specimen 
con ta in ing  ’la k e s ',  the  c a lc u la te d  m atrix  f ix e d  charge co n cen tra tio n  w ill  
be h igher than i t  should be. The s iz e  of the  d iscrepancy w ill  depend on 
the p roportion  of w ater p re sen t as lak es  in  the t i s s u e .  Other work p re ­
sen ted  here in d ic a te s  th a t ,  a t  a given hydration , p re -d r ie d  t i s s u e  
con ta ins a la rg e r  volume of 'l a k e s ' than f re sh . Thus we would expect the 
measured m atrix  f ix e d  charge concen tra tion  to  be h ig h er f o r  p re -d r ie d  
t is s u e  than f o r  f re sh . The r e s u l t s  do show th a t  th e  f ix e d  charge concen­
t r a t io n  fo r  p re -d r ie d  com ea i s  la rg e r  than th a t  f o r  f re s h  by a  f a c to r
of nearly two.
5 . 1.5  The e x tra c tio n  of Inorgan ic  io n s .
I t  i s  in te re s t in g  to  no te  th a t ,  although the  ino rg an ic  ions are  
im p lica ted  in  th e  form ation of c ro ss - lin k s  in  p re -d r ie d  t i s s u e ,  they  
a re  as e a s ily  ex trac te d  from th is  t is s u e  by d i s t i l l e d  w ater as they are  
from f re sh  com ea. No d iffe ren ce  was found in  analyses c a rr ie d  out using 
e i th e r  type of specimen. Removal of th ese  ions from th e  p re -d r ie d  t is s u e  
does no t re s to re  i t s  sw elling  cap ac ity . Therefore, although th ese  ions 
seem necessary  f o r  producing the  r e s t r i c t iv e  c ro s s lin k s , once formed, the 
ions do not appear to  be necessary  f o r  t h e i r  m ain tainance.
5 . 1.6  A model f o r  com eal h y d ra tio n .
In  the  previous chap ter an equation (equation 6) i s  d erived  to  
d escrib e  the hydration  of the  com eal strom a in  terms of the i n t e r f i b r ­
i l l a r  sp ac in g s . Appendix I  con ta ins the  r e s u l t s  of applying th e  model to  
the  d a ta . For a l l  reasonable values of th e  co n s tan ts , the r e s u l t s  show 
th a t  a  s ig n if ic a n t  amount of the  w ater in  the  com ea i s  p re sen t as  lak es . 
The p roportion  of lake w ater in c reases  w ith  in c reasin g  h y d ra tio n . As 
in d ic a te d  th e  r e s u l ts  of the  X-ray d if f r a c t io n  s tu d ie s , a la r g e r  
p roportion  of the  w ater e x is ts  as lak es  in  p re -d r ie d  com ea than  in  
f re s h . The im p lica tio n  of th i s  i s  th a t  p re-d ry ing  has the  e f f e c t  of 
e i th e r  making the  i n t e r f i b r i l l a r  spaces le s s  a c c e ss ib le  to  w ater o r o ther 
a reas  (such as between lam ellae) more access ib le  -  o r perhaps bo th . We 
can extend the  c ro ss -lin k ed  model to  inc lude  these  r e s u l t s  by p o s tu la t ­
ing  th a t  c ro ss -lin k in g  occurs between the  f i b r i l s  of one bundle, bu t no t 
between d if f e r e n t  bundles. Thus th e re  would be an in c reased  r e s is ta n c e  
to  w ater en te rin g  between the  f i b r i l s .
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5.2 The effects of extraction.
Corneas t r e a te d  w ith the  various ex tra c tio n  media a l l  showed a 
red u c tio n  in  subsequent sw ellin g . As expected, the red u c tio n  in  sw elling  
of the  enzym e-extracted specimens was le s s  than fo r  those  e x tra c ted  w ith 
o th er so lu tio n s . I f ,  as i s  suggested, the  main co n trib u tio n  to  th e  sw ell­
ing p ressu re  comes from the polysaccharide chains of the  p ro teog lycans, 
then the  reduction  in  sw elling  should be p ro p o rtio n a l to  the f ra c t io n  
of th e  to t a l  glycosaminoglycans ex trac te d . Sodium ch lo rid e  and guanadine 
hydrochloride so lu tio n s  were expected to  e x tra c t both the  pro teoglycans 
(Axelsson and Heinegard, 1978, Dische e t  a l , 1978, H assel e t  a l , 1979;
Kaye e t  a l , 1976), but the chondro itinase  should only remove th e  chondro- 
i t i n  su lphate  chains from one of them. The subsequent sw elling  p ro p e r tie s  
confirm th is  h y p o th esis .
Whereas e x tra c tio n  w ith so lu tio n s  designed to  remove the  p ro teo ­
glycans causes a reduction  in  sw elling , e x tra c tio n  w ith  d i s t i l l e d  w ater 
produces a sm all but s ig n if ic a n t  in c re a se . This in c rease  was shown to  
occur mainly during the i n i t i a l  sw elling  period , and becomes in s i g n i f i ­
cant a t  h igher h y d ra tio n s . These r e s u l t s  suggest a fo rce  between th e  
f i b r i l s  th a t  i s  operative  over sh o rt d is ta n c e s , becoming n e g lig ib le  a t  
la rg e r  ones. The e le c t r o s ta t ic  fo rce  has th ese  p ro p e r tie s ,  and, as we are  
e f fe c t iv e ly  dealing  w ith n eg a tiv e ly  charged cy lin d ers  packed to g e th e r , 
i t  would seem to  be the  most l ik e ly  exp lanation . However, how do we 
exp la in  an in c rease  in  the magnitude of th i s  fo rce  a f t e r  e x tra c tio n  w ith 
d i s t i l l e d  water? We have a lread y  in d ic a te d  th e  p o ss ib le  ro le  of c a tio n s  
in  the  com ea, in  m aintain ing th e  conform ational s tru c tu re  of th e  g lyco­
saminoglycans, and a lso  suggested th a t  th ese  m olecules a re  s i tu a te d  
between the f i b r i l s .  These r e la t iv e ly  la rg e  ions would then e x e r t some 
screen ing  e f fe c t  on the  e le c t r o s ta t i c  rep u ls io n  between the f i b r i l s .
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Removal of the ions would reduce th is  screen ing  and thus in crease  the 
e f fe c tiv e  fo rce .
5.3 The io n isa tio n  of the macromolecular m atrix .
M icroelectrode measurements of f re s h  com ea in  various bath ing  
so lu tio n s  shows th a t  the concen tra tion  of negative f ix e d  charge in  the  
macromolecular m atrix  i s  in v e rse ly  p ro p o rtio n a l to  th e  hydrogen ion  
concen tra tion  of the  bathing so lu tio n . The hydrogen ion  co n cen tra tio n  of 
the  bath ing  so lu tio n , and thus of the i n t e r f i b r i l l a r  w ater, w ill  determ­
ine  th e  o v e ra ll charge on the  macromolecular m atrix  by a f fe c tin g  th e  
p ro to n a tio n  of th e  charged s id e  chains. I t  i s  expected th a t  the  m a jo rity  
of th e  f ix e d  negative  charge a r is e s  from th e  h igh ly  charged cho n d ro itin  
and k era tan  su lp h a tes , th e re fo re  the e x tra c tio n  of th ese  m olecules should 
cause a measurable reduction  in  m atrix  f ix e d  charge. For the  s im p les t 
model fo r  com eal s tm c tu re ,  th i s  should have been easy to  dem onstrate.
The r e s u l t s  obtained suggest th a t  th e re  i s  no d iffe ren ce  between sodium 
ch lo rid e  e x trac ted  com ea and those ex tra c te d  w ith d i s t i l l e d  w ater. 
However, i f  we compare the sodium ch lo rid e  ex trac ted  specimens w ith  f re s h  
specimens in  the  same pH bath ing  so lu tio n , th e  r e s u l t s  show th a t  th e  
e x tra c ted  com ea do have a  s l ig h t ly  low er m atrix  f ix e d  charge. I f  we 
then take  account of the  problems mentioned e a r l i e r  w ith re sp e c t to  the  
method of co rrec tin g  fo r  hydra tion , we see th a t  i t  i s  p o ss ib le  th a t  the 
e x tra c tio n  process has had some e f fe c t  on the  f ix e d  charge, bu t t h i s  i s  
f a r  from proven. The f a c t  th a t  the  co n tro l specimens gave very s im ila r  
r e s u l t s  could in d ic a te  th a t  a p roportion  of the  p ro teoglycans were 
e x tra c te d  by d i s t i l l e d  w ater during the  seven-day experim ent.
I t  has been suggested e a r l i e r  th a t  the  ca tio n s  have a  ro le  in  
m aintain ing  the conformation of the glycosaminoglycans in  the  com ea.
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*f" H"The ino rgan ic  ion an a ly s is  shows th a t  a p a r t from Na and K th e  co m ea l 
strom a contains a f a i r l y  high concen tra tion  of ch lo rid e  io n s . I f  th ese  
anions are  f re e ly  d if fu s a b le , t h e i r  concen tra tion  should have no e f f e c t  
on th e  measured m atrix  f ix e d  charge. However, using a c h lo rid e -c o n ta in ­
ing bath ing  so lu tio n  to  in c rease  the  in te rn a l  concen tra tion  of Cl has 
the  e f f e c t  of doubling the  measured m atrix  f ix ed  charge. This suggests  
th a t  these  ions become in  some way a s so c ia te d  with th e  macromolecular 
m atrix , and e f fe c t iv e ly  in c rease  i t s  n e t negative charge. Although th e  
n e t charge on the  macromolecules i s  n eg a tiv e , th e re  a re  s t i l l  a  number 
of s id e  chains which w ill  ca rry  a  p o s itiv e  charge. E le c tr o s ta t ic  i n t e r ­
ac tio n  between th ese  p o s itiv e  groups and the  n eg a tiv e ly  charged c h lo rid e  
ions could p reven t f re e  d iffu s io n  of Cl and cause an apparent in c re a se  
in  m atrix  f ix e d  charge.
The values of f ix e d  negative  charge concen tra tion  ob tained  f o r  
f re s h  com ea show a steady in c rease  w ith in c reasin g  pH, except a t  pH 7-8 
where a p la teau  occurs. Measurement of th e  change in  pH of th e  b a th in g  
so lu tio n  w h ils t com ea sw ells  suggests th a t  th e re  i s  a b u ffe rin g  e f f e c t  
in  the  swollen stroma which m ain tains the  in te m a l  pH a t  about 8. By th e  
time equilib rium  has been e s ta b lish e d  a t  th i s  pH, the  m ajo rity  of th e  
in o rg an ic  ions w il l  have d iffu se d  out in to  the  bath ing  so lu tio n , and 
many of the  n eg a tiv e ly  charged s id e  chains w il l  have been p ro to n a te d .
The experim ental r e s u l t s  show th a t  i t  i s  p o ss ib le  f u r th e r  to  p ro to n a te  
the  macromolecules but th i s  re q u ire s  a f a i r l y  la rg e  in c rease  in  th e  
hydrogen ion concen tra tion  of the  bath ing  so lu tio n .
5.4 Conclusion.
By using a  v a r ie ty  of p h y sica l and chemical techniques to  s tu d y  th e  
p ro p e r tie s  of bovine com eal strom a in  v i t r o , we hoped to  ob ta in  s u f f i c -
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le n t  inform ation to  ex tra p o la te  from the  in  v i t ro  to  th e  in  vivo s i t u a t ­
ion . By ob tain ing  d a ta  from a v a r ie ty  of techniques we are  in  a  p o s it io n  
to  suggest an o v e ra ll p ic tu re  f o r  the s tru c tu re  of co m ea l strom a.
In the p a s t;  experim ental r e s u l t s  mainly from e le c tro n  microscopy 
have suggested a more ordered arrangement of the  f i b r i l s  w ith in  th e  
lam ellae than appears to  be th e  case from the  r e s u l ts  of th i s  work. The 
experim ental d a ta  rep o rted  here suggests th a t  bovine co m ea l strom a has 
only a  l iq u id - l ik e  s tru c tu re  w ith lo c a l  order th a t  extends over about 
two f i b r i l  d iam eters. (See a lso  Sayers e t  a l , in  p re p a ra tio n ) . The ease 
w ith  which lak es  appear to  form in  sw ollen com ea suggests th a t  in  f re s h  
com ea as w ell as in  p re -d r ie d  specimens, the  f i b r i l s  are  arranged  in  
'b u n d le s '.  Although c a lc u la tio n s  (appendix l )  do seem to  in d ic a te  th a t  
lak es  a c tu a lly  e x is t  in  f re s h  com ea, i t  seems th a t  th i s  r e s u l t  i s  a  
fu n c tio n  of the  ' approxim ate' n a tu re  of the  suggested m athem atical model, 
and th a t ,  although the  p o te n tia l  f o r  lak e  form ation e x is ts ,  a c tu a l  lak es  
do no t appear u n t i l  th e  com ea i s  hydrated above th e  p h y s io lo g ica l s t a t e .
As regards the transparency  of the  com ea, the  im p lic a tio n s  a re  
th a t  i t  i s  th e  form ation of reg ions devoid of f i b r i l s  th a t  a re  respons­
ib le  fo r  the  s c a tte r in g  of v is ib le  l i g h t  in  sw ollen com ea. This i s  in  
agreement w ith the work of H art and F a r r e l l  ( I 969)» Benedek ( l9 7 l ) i  
Goldman e t  a l  (1968) and o th ers .
The r e s u l t s  of th i s  study a lso  give some in d ic a tio n  of th e  o r ig in  
of the sw elling  p ressu re  and the ro le  of the pro teoglycans and in o rg a n ic  
io n s . This work in d ic a te s  th a t  the polysaccharide chains of th e  p ro te o ­
glycans are  th e  major c o n tr ib u to rs  to  the  sw elling  p re ssu re , and th a t  i t  
i s  th e i r  a b i l i t y  to  a l t e r  th e i r  conform ations th a t  g ive them t h e i r  h igh  
a f f in i ty  f o r  w ater. I t  would a lso  appear th a t  the  ino rg an ic  io n s  p lay  an
104.
im portant p a r t  in  m aintain ing the  n a tu ra l  conform ational s tru c tu re  of 
th ese  m olecules.
5 .5  Suggestions fo r  f u r th e r  work.
Shortage of time and, in  some in s ta n c e s , la c k  of f a c i l i t i e s  and 
m a te r ia ls , have prevented some f a i r l y  obvious ex tensions of t h i s  work 
from being c a r r ie d  o u t.
The enzyme keratanase  has re c e n tly  become av a ila b le  commercially 
from M iles L aborato ries Ltd. E x trac tio n  experim ents using th i s  enzyme, 
alone and w ith chondro itinase , are  d e f in i te ly  in d ic a te d . F u rth e r  in v e s t­
ig a tio n  of th e  p ro p e rtie s  of a l l  types of e x tra c ted  com ea could be 
c a rr ie d  out using the X-ray d if f r a c t io n ,  m icroelectrode and microscopy 
tech n iq u es .
Recent work using  immunofluorescence microscopy to  lo c a l i s e  p ro te o ­
glycans in  in v e r te b ra l d isk  (Beard e t  a l , 1980) suggests th a t  i t  would 
be worth follow ing up th i s  aspect of the  work. H assel e t  a l  (1979) have 
succeeded in  sep ara tin g  com eal p ro teog lycans, and th e i r  pub lish ed  
scheme would be a u se fu l b as is  f o r  p reparing  pure specimens o f both 
com eal proteoglycans f o r  use as an tig en s . The work could then  probably 
be extended to  the  e le c tro n  microscopy le v e l by using  the  same an ti-serum  
and s ta in in g  w ith a conjugate having an e lec tro n  dense la b e l ,  such as 
f e r r i t i n .
APPENDIX I
R esu lts  of c a lc u la tio n s  using  the m athem atical model 
(equation  6) from chap ter 4 , sec tio n  4 .2 .2 .
The values used were those obtained from the curve 
f i t t i n g  program used to  p rocess the experim ental d a ta .
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SECTION A
Computer p r in t-ont of resu lts  obtained from fresh com ea.
Table A1
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DENSITY OF COIJ..AGEN = 
RADIUS OF FIEIRIL = 20 







; i . 3


















7 . 5  
7. 7
8.2 
8 . 8 .
HYDRN( i  n t . sp .  ) 
0 . 3 4  
0 .4 1  
0 . 4 3  
0 . 4 7  
0 . 5 4  
0 . 5 ?
0 .6 1  
0 » 68 
0.  73
0 . s
0 . 8 7
0 .9 1
0 . 9 4
0 . 9 6
1 . 1
1. 23
1 . 37  
1 .5 3  
1 .6 7  
1 .7 6  
1 .81
1 .8 8  
1 .9 5  
1 .9 7
2 . 02 
2. 13 








1 4 ,7 3  












































or COL.LAGEN ' -  J r4 
IbADIITB OF FIBRU_ = 19 
VALUE or 13 = 0 . 3
HYDE:;:N<wt.) HYmN(:!nt .f ;p .)  INT/riL.O:' .  LALL 0071
: 0 . 4  v 0 .  4:3 , 1804 -4% 99
0 . 7  (7.5 2(>3'7 :17^34
0 . 0 ;  0 . 5 3  2004) .3 3 ,2 /
1 0 . 5 0  2194  41 ,47 .
1 . 3  0 , 6 6  . 2340 4 9 .1 1
1,25 0 . 7 1  2452/ 579 47
1 .6  0 . 7 3  2503: 5 3 , 0 6
l .c) : ' ' ' . 0,. 01 2652: 57 .11
2. 1 ■ 0 . 0 6  2/3' i  t 0 5 /
16,4 ' CL <94 2913. <60.73
2 . 7  1.CU :3071 623163
2.9' 1 , 0 7  3174 6 3 .1
3 1 .0 9  3226 63:. 4 7
3 . 1  1 .1 2  3277 63.,0:::
3 . 7  ' I .; /?  :3507 - <95.55
4 . 3  1 . 4 : 2  9x397 f27. 7 9
4 . 9  1 .5 0  .4206 - 6 7 . 7 4
5 . 6  l .:65 ' ; 46738 6 0 . 5 7
6 . 2  : 1 .91  ^F377 6 9 . l t )
6.6. 2.CU 50E^ 69.46'
6 . 8  2 . 0 6  5107 /7?.62
7 . 1  : 2 . 1 4  5342 69 .  eo?
7 . 4  . 2321 . !5497 - 160301
7.tj  2 . 2 4  5540  7 0 . 0 7
7 . 7  . 2 . 2 ^  t%652 7 0 . 1 0
8 . 2  2 . 4 2  5910" 7 0 . 4 9
8 .  El: 2L 57 C6219 170.73:
Table A3
DENSITY OF COLLAGEN = 1 .3  
RADIUS OF FIBRIL = 20  
VALUE OF G 0 . 3
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HYDRN(wt3) 
0 .4  













4 . 9  
5.  6
6 .2  




/  .  t.i
7 .7
8 . 2  
8 u 8
H Y D f l l N  ( i  11 1 .. s  p . ) 
0 . 86 
0 . 4 4  
0 . 4 6  
0 .5 1  
0 . 5 9  
0 . 6 4  
0 .6 6  
0.733 

















2 . 4 5




























8 . 1 7
3 6 . 8 8
4 1 . 7
A'^y. 8.ÎÔ
54.. ;:i; i:
«.,» / I, '
t%3.44 
61.  ()8 







6 8 9 ' . .




7 1 . 24 
71.A1 
71 . 56
.1. 6  .•
7 i . 7 
• '7 i. .
Table A4
DENS IT Y OF COLL AOEEN L i . 2 
R A D I U S  C f  F I B R I L  = 20  
VALUE OF G -  0 .3
109.
HYDRN(wt.): 1 IYDRN( i n t .  t.p. ) - INT.FIB.8P. I..AKE:: WA
. 0 . 4  . . .L ; . 0 , 3 9 1884 0 . 5 2
0 . 7 0 . 4 7 :9 2039 3 1 , 6 2
. 0-GO; ' .0.5F . 2090 . 3 6 . 8 4
. 1 0 , 5 5 2194 44 . ÜC*
\ 1 . 3 \ / \ 0 . 6 ^ : : 2348 2 5 0 . 8  '
1 .5 0,6.9 . ,/2452 ' 7:13.75
1 .6  '/ ' 0,752. 2503 . 5 4 . 9 8
,1.9/ / 9 0 . 8 2658 5 7 . 8 3
2,. 1 OvGEÎ 2761 5 9 . 3
2 , 4  ■; 0.983 '2916. , 6 :! .. 02
' 2 . 7 ' 1 .01 3071 62.  36
2.<L . 1 .0 // 3174; 6 3 ,1 1
3 1.(79 3226 , _ 6 3 . 4 3
3. 1 . '1. 157' . 3277 . : 6 3 . 7 6
1 .2 8 3587 6 5 . 2  7
4 . 3  . 1 . 4 4 3897 6'6i. ,
4.9. 1 .6 4206 6 7 . 1 9
5 . 6 1 . 7 9 4568 67 293
6 . 2  - 1.'95 4877 6 8 . 4 3
6 . 6 2 . 0 6 5084 68 .71
■ 6 M 8 : , . 2 .1 1 5187 6 8 . 8 4
7 9i, 2.19.'.' .2: 5342 6 9 . 0 2
7 . 4 2.  2^ 2 5497 7 6 9 . 1 9
7 . 5 :2 . 21 ' 5548 6 9 . 2 5
7 . 7 2 . 36 .5652 / 7 69 .  34
: 8 . 2 ' .2749 ^ 5910 . 6 9 . 5 7
8. 8: c . 2 : 6 5 , 62117 : 6 9 . 8 2
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SECTION B
Computer print-out of results obtained from pre-dried cornea.
Table B1
DENSITY OP COLLAGEN = 1 
RADIUS OP FIBRIL = 2 0  
VALUE OF G =  0 .3
HYDRN(wt.)2 HYDRNdnt.sp .  ) INT. I ID. 8 i'". LAKL WAT
/ 0 .24 .V 1661 19 .4 /6
: 0 . 5  ; 0 .2 ^ 1711 47„23
CL/> 0 . 2 7 1736 54.. 16
0 . ' / 0 2 2 8 1761 59.1:i
0 .9 : ÜL3: 1812 6 5 . 6 7
:!. .. 1 ' 0 . 3 3 1862 69r8U
1 . 3 0 . 3 5 1912 162.8
1 .4 0.3Yy 1938 7 3 .9 1
1. 6 ,0.38: /. 1988 7 5 . 7 8
' 1 . 7  ' 0 . 3 9 14)13 7 6 . 5 4
1 . 9 ; 0./L2: 2063 7 7 . 8 4
2 0.4:3 208':!>
.2 .5 ' 0 . 4 8 2215 80 .  44
2., 6 0 . 4 9 2240 8 0 . 7 6
2 . 7 0 .5 1 . 2265 8 1 . 0 6
3 , 2 0 . 5 6 2391 8 2 . 2 6
3 . 4 . O.S%3 2441 82 .  65
4 . 7 0 . 7 3 2768 84.:34
X 6 . 3  . : 0 . 9 1 3171 8 5 . 4 / / '
6 . 4 0 . 9 2 :3196 85.  [':i
6 . 5 0 ; 9 3 3222 IT5.56
7 0 / 9 9 3347 8 5 . 7 9
7 . 7 1.(77 3524 8 6 . 0 6
7 . 3 1108 3549 86 ,  0'.':
: .8 .4 \ i . I t i 3700 8 6 . 2 8
8 . 8 1 .1 9 3801 86.:]  9
9 . 2  ' L724 3901 . . .  8 6 . 5
10 1 .3 3 4103 c.l 1, ■!: ’ I ’■
10. :3 1.136 4178 (T6.74
1 1 . 3 1 . 4 7 4430 86.. 9;/
. 12 1 . 5 5  ' 4606 8 / .  03:
1 2 ,3 1 .5 9 4682 :37.07
: 1 3 .7 1 . 7 4 5034 8:7.24'
1 4 .4 :1.CL2 5211 8 /
: 1 4 . f i  : . .1.813 5236 8 7 . 3 2
Table B2
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DENSITY OF COLLAGEN == 1 .4
RADIUS OF FIBRIL = 19
VALUE OF 0 = (L3
HYDRNCwt.) H Y D R N ( in t . sp . ) INT.FIB.SP. LAKE WA
0 , 3 0 . 3 2 1661
0 . 5 0 . 3 4 1711 30 .  72
0 . 6 0 . 3 5 1736. 4 0 .2 1
0 , 7  o; 0 . 3 7 1761 7 . 4 6 . 9 8
0 . 9 ' 0 .3 9 6  ' 1812 55 . 96
1, 1 0.442 1062 6 1 . 7 2
1 . 3 0.  44 1912 6 5 . 7
1 .4 0.447 1938 6 7 . 2 3
1 .6 0.48.. . 1988 6 9 . 7 8
1 .7 0 . 4 9 12013 : 7 0 . 8 3
1 . 9  , 0 .  52' . 2063 7 2 . 6
0.543 2089 73 .  33
2 . 5  : 0 . 59: . 2215 7 6 . 1 7
2 . 6 0 . 6 2240 7 6 .6 1
2 . 7  : 0 .6 2 . 2265 7 7 . 0 2
3 . 2 .  , 0» 68 2391 7 8 . 6 6
3 . 4 0 . 7 :2441 7 9 . 1 9
4 7  . 0 . 8 6 2768 8 1 . 5
6 . 3 1 ,0 6 :3171 8 3 .  03
(:.<. 4 1,(X3 3196. 8 3 .1 1
6 . 5 1 .0 9 3222 8 3 . 1 7
7 ' 1,143 3347 8 3 . 4 9
7 ,.7 L.24 3524
7 . 8 1.1&5 3549 83 .  9
8 . 4 .  l .:33 37CK) 8 4 . 1 6
8.  Ft 1 .3 8 38CU. 8 4 .3 1
9 ., 2: 1 .4 2 3901 8 4 . 4 6
10 . 1.542 4103 84 .  7
1 0 .3 1 . 5 6 4178 \  .. 8 4 .  78
i l .  3 1 „ 69 4430 85,(7)
12 1 .7 7 4606 , 8 5 . 1 8
'12.8i 1 .81 4682 8 5 . 2 3
1 3 .7 1 .9 9 5034 85 . 47
14. 4 2 . 0 7 5:211 8 5 . 5 7
14.5: 2 . 0 9 5236' 7 . 8 5 . 5 8
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Table B3
DENSITY or COLLAGEN = 1 . 3  
RADIUS OF- FIBRIL = 20 
VALUE OF G = 0 , 3
HYBF\N(ù' t.  ) 
0 . 3 ,
0 r 5












3 . 4  
4,.7 
6 . 2!







9 .  2 
10
1 0 . 3
1 1 .3  
12




HYDRN < i n t s p .  ) INT.FIB.Sf:'. LAKE WAl
0 . 2 6 1661 13. 3
0 . 2 8 1711 43 .  17
0 . 2 9 1736 5 0 . 6 4
0 . 3 1761 55 „ 97’
CL233 181 2 6 3 . 0 3
0. 35 186:2 67 .  5.9
0 . 3 8 1913: 7 0 .7 1
O'. 39 1938 71.'9
0 .4 1 L983 7 3 .9 1
0 . 4 2 2013 7 4 . 7 4
0 . 4 5 2063 76.  13
0 . 4 6 2:089 76 „ 7
0 . 5 2 2215 7 8 . 9 4
0 „ 53 2240 79 .  28
0. 55 2265 7 9 .6 1
0 .6 1 2391 8 0 .9
0 .  68 2441 81.:i2
0 . 7 9 2768 CL/.14
0 . 9 8 :3171 8 4 . 3 4
Cu9'7 31 96. 8 4 . 4
1 .01 '84'. 45
1 .0 7 3347 ( /4 .7
1 .1 5 3524 8 4 . 9 9
1.32/ 354 9 8 5 . 0 2
1 .2 4 3700 8 5 . 2 3
1 .2 8 3801 8 5 . 3 5
1 .3 3 3901 8 5 . 4 6
1 . 4 3 41CLi 8 5 . 6 5
1 .4 7 4178 85.7:2
1. 59 443(:' 8 5 .9 1
1 .6 7 4606 86 .  03
1 .71 4682 86 .  0 7
1 .8 8 5034 8 6 .  26
1 9 6 521 1 86 .  3.^ <
1. 97 5236 8 6 . 3 5
113
Table EL
i PNSITY OF COLLAGEN = 1 . 2
RADIUS OF FIBRIL = 20
VALUE OF 0 = CL 13
HYDRN(wt,) HYDRN ( i n1:, s p , ) INT.FIB,8iL LAiCE WA
0 ,3 0, 28 1661 6 , 0 7
().5 0 . 3 1711 3 8 .4  3
. 0 . 6  , ' 0 , 3 2 1736 4 6 . 52
0 ,7 0.  33 1761 1'1 ' „ 3
() .9 Cl 1812 59.95
:i. „ .1, 0 . 3 8 1862 64,  87.
. 1 . 3 0 .4 1 1912 6 8 , 2 6
1, 4 0 , 4 2 1938 69 ,  5/.
1.6 0 . 4 5 1988 7 1 . 7 4
1, 7 0 . 4 6 1:3)13 72,  64
1 .9 0 , 4 9 2063 74 .  15
:2 . 0 . 5 , 2089 / '- t , .(
2 . 5 O.t^ 2215 77, 18
2 , 6 0 , 5 8 2240 77. 56
2, 7 0 , 5 9 2265 7 7 .9 1
3 , 2 0, 66 2391 79,31
3 , 4 0 . 6 8 2441 7 9 , 7 6
4 . 7 0.(35 2768 31 , 73
6, 3 1 :06 Î7L71 8 3 . 0 4
6 . 4 1. 3196 8 : j ,  1
6 , 5  . 1 , 0 9 8 3 . 1 5
7 l . l S :  . 3347 83 ,  43
7 ,7 1 .2 5 352>4 83, 73
7 ,8 1 .2 6 3549 83.  78
8 . 4 . 1-. 34 3700 84
0 . 8 1.179 3801 84 ,  13
9 . 2 1 .4 4 3901 8 4 . 2 5
10 1, 55 4103 8 4 , 4 6
1 0 .3 1 .5 9 4178 8 4 , 5 3
1 1 ,3 1 ,7 2 4430 8 4 . 7 4
12 1 ,81  , 4606 8 4 . 8 6
1 2 ,3 1 .8 5 46CL; 8 4 .  91
13,7 2 . 0 3 5034 8 5 .  12
1 4 ,4 2 . 1 3 5211 85 .  2
14. 5 2.  14 5236 8 5 ,2 1
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APPENDIX II
Print-outs of a l l  the BASIC computer programs written for  
and. used in th i s  th es is .
115.
Program 1.
Calculates hydrations from keyboard input of raw swelling data, and 





















































CALL "RATE",1 2 0 0 , 0 , 2
PRINT "THIS PROGRAM WILL CALCULATE HYDRATIONS."
PRINT "IT WILL PROVIDE A HARD COPY OF THE RESULTS" 
PRINT "ON THE L IN E  PRINTER I F  YOU REQUIRE I T . "
PRINT "MAKE SURE THE LINE PRINTER IS CONNECTED."
PRINT " I T  WILL ALSO STORE THE RESULTS ON THE MACNEI I t "  
PRINT "TAPE. THE SAFETY DEVICE ON THE CASSETTE"
PRINT "MUST BE TURNED AWAY FROM SAFE AND YOU MUST" 
PRINT "SPECIFY THE NUMBER OF THE FILE TO BE USED."
PRINT ______
PRINT "CHECK ALL YOUR F I L E  NUMBERS BEFORE YuU S l A R i .
PRINT





PRINT " INPU T EXPERIMENT NUMBER "?
INPUT 1$
PRINT "INPUT WEIGHT OF HOOK "?
INPUT A
PRINT "INPUT WEIGHT OF HOOK PLUS CORNEA "?
INPUT B 
LET C=B-A
PRINT "INPUT EACH WET WEIGHT FOLLOWED BY RETURN"
FOR J=1 TO Z 
INPUT D(U)
LET H < J ) = (D ( J ) - B ) /C
I ET H ( .J ) - 1 NT ( H ( ...I > X 1000 ) /  1000
NEXT U
PRINT "CHECK VALUES AND PRESS RETURN WHEN READY"; 
INPUT M$
PAGE
PRINT "EXPERIMENT NUMBER IS ";1$
PRINT
PRINT "DRY WEIGHT OF CORNEA I S  "SC 
PRINT
FOR ..,1=1 TO Z
PRINT " . J = " ;  J ;  " HYDRATION = " ; H ( J )
NEXT J
PRINT
PRINT "IS OUTPUT TO BE PRINTED ON L IN E P R IN T E R ? " S 
INPUT P$
IF P$<>"YES" THEN 670
PRINT "CHECK LINE PRINTER IS  O .K .
















































PRINT @40:"EXPERIMENT NUMBER IS " ; I $ ,L $
PRINT @40
PRINT @40:"DRY WEIGHT ÜF CORNEA IS "SC,L$
PRINT @40:L$
FOR J=1 TO 6
PRINT @40:"TIME IS " ; J / 2 * 1 0 ; "  MINS. "S
PRINT @40:"HYDRATION IS " ;H ( J ) ,L $
NEXT J
FOR J=7 TO 9
PRINT @40:"TIME IS " ; ( U - 3 ) * 1 0 ; "  MINS. "S
PRINT @40:"HYDRATION IS " ;H ( J ) ,L $
NEXT J
FOR J=TO TO Z
PRINT @40:"TIME IS " ; ( J - 5 ) * 1 5 S "  MINS. "S
PRINT @40:"HYDRATION IS " ;H ( J ) ,L $
NEXT J
PRINT @40:L$
PRINT "DO YOU WANT THE RESULTS STORED ON FILE?"; 
INPUT N$
IF N$<>"YES" THEN 780
PRINT "INPUT FILE NUMBER REQUIRED.";
INPUT F 
FIND F
WRITE I$ ,C ,H
PRINT @40:"THIS DATA STORED ON MAGNETIC "?





































Reads hydration data from magnetic tape (re f .  program l ) ,  calculates  
mean and standard error for each point and p lo ts  graph of hydration 
against time.
100 REM GRAPH PLOTTING PROGRAM WITH MEANS AND S .E .
110 INIT
120 CALL "RATE",1 2 0 0 , 0 , 2  
130 L$=CHR(10)
140 PRINT "INPUT FIRST AND LAST FILES TO BE ACCESSED.
150 INPUT B,C 
160 DIM M(13)
170 DIM 8 ( 1 3 )
180 DIM E ( 13)
190 DIM D(13)
200 DIM Y$(72)
210  DIM Q$(72)
220 DIM F $ (7 2 )
230 FOR 1=1 TO 13
240 LET Z=0
250  LET Y=0
260 LET X=0
270 FOR J=1 TO C-B+1
280 FIND J+B-1
290 READ @33:P$,P






360  LET M (I)=Y /(C -B +1)
370 LET S ( I ) = ( ( X / ( C - B + 1 ) - M ( I ) ^ 2 ) / ( C - B ) ) ^ 0 . 5  
380 NEXT I 
390  PAGE








480 FOR 1=1 TO 13 
490 PRINT M ( I ) ; S ( I )
500 LET E ( I ) = I NT (M ( I ) 1000+0 . 5 ) / l  000  
510 LET D ( I ) = I N T ( S ( I ) * 1 0 0 0 + 0 . 5 ) / 1 0 0 0
520 PRINT @40:"MEAN IS "SE(I),"STANDARD ERROR IS " ; D ( I ) , L $  
530 NEXT I
540 PRINT "WHICH SYMBOL DO YOU WANT?"
550 PRINT "TRIANGLE = 1, SQUARE = 2 ,  DIAMOND = 3"?
555 PRINT "NO SYMBOL « 4.  "?
118.
560 INPUT 0
570 WINDOW - 1 0 , 1 3 0 , - 2 , 3 2
530  PRINT "DO YOU WANT TO PUT GRAPH ON GRAPH PLOTTER? 
590 INPUT R$
600 IF R$<>"YES" THEN 630  
610 LET N=1
620 GO TO 640  
630 LET N=32
640 PRINT "DO YOU WANT TO DRAW NEW AXES? "S 
650 INPUT T$
660 PAGE
670 IF T$<>"YES" THEN 350
680 AXIS @N:5,1
690 MOVE @ N : - 5 , - l




740 RMOVE @ N : - 3 5 , - l
750 PRINT @N:"TIME IN MINUTES";
760 MOVE @N: 8 ,  0 . 3





820 PRINT @N,2 5 : 9 0
830 PRINT @N:"HYDRATION";
840 PRINT @N,25:0  
850 MOVE @N:0,0 
860  FOR 1=1 TO 6 
870 RMOVE @N:5,M(I)
880  RDRAW @ N :0 ,S (I )
890 RDRAW @ N :0 .2 ,0
900 RDRAW @N: 0 . 4 , 0
910 RMOVE @N5 0 . 2 , - S ( I )
920  RDRAW @ N : 0 , - S ( I )
930 RDRAW @ N :0 .2 ,0  
940 RDRAW @ N : -0 .4 ,0  
950 RMOVE @ N : 0 .2 ,S ( I )
960  GOSUB Q OF 1 4 1 0 , 1 4 8 0 , 1 5 7 0 , 1 6 5 0  
970 RMOVE @N:0,-M(I)
930 NEXT I
990 FOR 1=7 TO 9
1000 RMOVE @N:1 0 , M(I)
1010 RDRAW @ N :0 ,S (I )
1020 RDRAW @ N :0 .2 ,0  
1030 RDRAW @ N : -0 .4 ,0  
1040 RMOVE @ N : 0 . 2 , - S ( I )
1050 RDRAW @N : 0 ,  --S ( I )
1060 RDRAW @ N :0 .2 ,0
1070 RDRAW @N: 0 . 4 , 0
1080 RMOVE @ N : 0 .2 ,S ( I )
1090 GOSUB Q OF 1 4 1 0 , 1 4 8 0 , 1 5 7 0 , 1 6 5 0  
1100 RMOVE @N : 0 ,  -M ( I )
1110 NEXT I
1120 FOR 1=10 TO 13
1130 RMOVE @N:15,M(I)
1140 RDRAW @ N :0 ,S (I )
1150 RDRAW @ N :0 .2 ,0
119
.1.60 RDRAW @N:- 0 . 4 , 0
170 RMOVE @ N : 0 .2 ,  S(I>
180 RDRAW @N:0, S ( I )
190 RDRAW @ N :0 .2 ,0 
200 RDRAW @N:- 0 . 4 , 0  
210 RMOVE @ N : 0 .2 ,S ( I )
220 GOSUB Q OF 1 4 1 0 , 1 4 8 0 , 1 5 7 0 , 1 6 5 0  
230 RMOVE @Ws 0 ,  M (1)
240 NEXT I
250 MOVE @N:1 0 ,3 1
260 PRINT @N:Y$
270 MOVE @N:10,30  
280 PRINT @N:Q$
290 MOVE @N:10,29  
300 PRINT @N:F$
310 RMOVE - 1 2 0 , 0
320 PRINT "PLOT THIS DATA AGAIN WITH A NEW TITLE? "S 
330 INPUT Z$
340 PAGE
350 IF Z$="YES" THEN 400
360 PRINT "PLOT THIS DATA AGAIN WITH THE SAME TITLE?
370 INPUT Z$
380 PAGE
390 IF Z$="YES" THEN 480
400 GO TO 1660
410 REM DRAW TRIANGLE.
420  RMOVE @ N :0 ,0 .2  
430 RDRAW @N:- 0 . 5 , - 0 . 3 6  
440 RDRAW @N:1,0 
450 RDRAW @N: - 0 . 5 , 0 . 3 6
460 RMOVE @N:0,  0 . 2
470 RETURN
480 REM DRAW SQUARE.
490 RMOVE @ N :0 ,0 .2
iOO RDRAW @N: 0 . 6 , 0
510 RDRAW @ N : 0 , - 0 .4  
520 RDRAW @N:1 . 2 , 0  
530 RDRAW @ N :0 ,0 .4  
540 RDRAW @N:- 0 . 6 , 0  
550 RMOVE @ N : 0 , - 0 .2  
560 RETURN
570 REM DRAW DIAMOND.
500 RMOVE @ N :0 ,0 .2  
590 RDRAW @N:- 0 . 6 , - 0 . 2
600 RDRAW @ N :0 .6 ,  0 . 2
610 RDRAW @ N : 0 .6 , 0 .2  
620 RDRAW @N:- 0 . 6 , 0 . 2  






Calculates matrix f ixed  charge ([ Pr~]) and standard error from keyboard 
input of raw microelectrode data. Accepts keyboard input of mean 
hydration and standard error and stores  them with the corresponding 
[Pr*"] on magnetic tape f i l e s .
105 INIT : :
110 CALL "RATE",1206V0,2 
115 l$=C M R (10)f
120 DIM C ( 3 ) V D C 3 ) , F ( 3 ) , G ( 3 ) , A ( 2 0 ) t Z ( 2 0 )
121 DIM A $ T 7 2 )T S (2 q )rE T 2 0 l ,B $ (3 )
125 PRINT " IN PU T T I T L E "
130 INPUT A$ :;T,- ;
135 PRINT " I n p u t  pU o f  b u f f e r . "  Ç
140 INPUT H
4 4 5  PRINT @ 4 0 :À $ ,L $
150 PRINT @40:L$
1 5 5  PR TNT " I  rrpu't n urn be r o f  i o n s p e c i e s . " ?
.160 INPUT,N
165 PRINT " I n p u t  i o n  c o n c e n t r a t i o n  + c h a r g e  a t  e a c l r " ? * " , " 
:170 FOR^P=l TO N 
175 PRINT
TOO INPUT A ( P ) ,Z (P )
T85 PRINT @ 4 0 :" C o n c e n tr a t io n  i s  "?
186 PRINT @40:A (P ) ," C h arge  i s  ";Z<P)?L$
190 NEXT P
195 PRINT @40:L$
2 0 0  PRINT " A r e  t h e  t h e  c o n c e n t r a t i o n s  c o r r e c t ? "
205 INPUT B$
200 IF B$="NG" THEN 125
2 1 5  P R I N T ? " I n p u t  number o f  e x p e r i m e n t s .  "? '
2 2 0  INPUT X
225 'FOR J=T TO ^ ?
;230 PAGE
2 3 5  PRINT " I n p u t  number o f  data  p o i n t s , ,
240' INPUT Y - '
245  PRINT ..." I n p u t -  p o t e n t i a l s  as  p o s i t i v e  v a l u e s  a t  each : "?  " 
250 LETyU=0
255 EET T=0  ^ 2
260 FORiI=T TO Y r
:'65 PRINT T'? " ? ■
TOO INPUT W 
275  PRINT @40:W;"
280 LET U=UfW-~2 
2 8 5  LET T=T+W :
2 9 0  NEXT ii
295■ PRINT "I lave  vou  e n t e r e d  t h e  p o t e n t i a l s  c o r r e c t  1 v?-"'
300 INPUT D$
305 IF B$="NO" THEN:235 
: : ! 0 PRINT @40:L$
3 1 5  PRINT @ 40:L$
320 PRINT @40:L$ "
325:LPT E(U)=-T /Y .
121.
330  LET S < J ) = ( ( U / Y " E ( d ) ^ 2 ) / ( Y " i ) ) ^ 0 ; 5  
3 3 5  NEXT J' ' ^
340 PRINT "Input f i l e  number."
345 INPUT R 
5 5 0  FIND R
355 WRITE "No. L x p t s .  a t  p|-l " ,H," i s  ",X 
3 6 0  FOR J=T TO X 
365 PRINT @40:L$
370 PRINT @40:L$
371 PRINT @ 4 0 : " E x p e r i m e n t  number i s  " " J , L $
3 7 2  PRINT @40:L$
373 PRINT @40:TMean P o t .  Ts "SE(U);" "F
374 PRINT @40:"3tand.  Error i s  " ;S (U ) ,L $
5 7 5  /F0R .Q=l 4 0  31 ^
:3Bb .C(Q)=0- ' ' . . .
.3 8 5  D(Q)=0  
390 F(Q)=0  
/ 3 9 5  NEXT G  ^ .
.400xk=OF, \  , /
405 FOR G=i TO 3 
4 1 0  FOR P=i TO N
,415  B = # (P )# E X P (-0 .0 3 9 9 9 9 9 6 x Z (P )x E (U )T  
420 C(G)=C(G)+B 
425 D(Q)=DCQ)+B*Z(P)
430 F(G I= F(Q )iA (P)
/435.NEXT-P'
440 0 (Q)dC(Q )-F(Q ) 3
445 K=k+1
450 IF K=2 THEN 465  
!455 E(U )=E(J)+S(U )  3
460 GO TO 470  
465 E (J )= E (J ) -2 * 3 (U T  
470 NEXT G 
500 A ]= D (1 ) -D (2 )
505 B l= D O )  - D ( i )
510 IF A1=>B1 THEN 535  
520'E1=B1 '.
525  GO T 0 i5 4 5  
1535 E1=A1.:.
5 4 0  ^PAGE 'P . ^
545  PRINT "Input H and s . e .  feu e x p t .  no. "FU 
:550/ ÏNPUT::A2,B2 '
555 PRINT "Have y o u ; e n t e r e d  t h e s e  c o r r e c t  ly?"  
560 INPUT B$
5 6 5  IF B$="NO" THEN 540  
570 WRITETD(1);E1,A2,B2  
575 PRINT^@40^L$ ?
580 PRINT @40: "SufeTTing P r e s s u r e  i s  "FG(1 }
585  A3=G(i)rG<2)
590 B3=G(3)-G(1)
595 IF A3=>D3 THEN 610
600 ■ PR I NT @40 : " S ta n da i d e r i -r r i s " ? B3, 1...4- 
605 GO TO 615
610 PRINT @40:?S t a n dard e r r o r  i s  "? A 3 ,L$
615 NEXT J 
,620;RAGE 6
625 PRINT "Loading n ex t  prosu-aiTu"
6 3 0  FIND 5 V: : ,




Reads microelectrode data from magnetic tape ( r e f . program 3 ) » 
calculates  [ Pr~] x H for  each experiment and mean [Pr ] x H with 
standard error. Plots  a graph of [Pr ] x H against pH.
2000  PAGE 
20:1.0 INIT
2020 CALL "RATE",1 2 0 0 , 0 , 2  
2030  L$=CHR(10)
2040 DIM E ( 2 0 ) , F ( 2 0 ) , A $ ( 7 2 ) , Z $ ( 2 2 ) , C $ ( 2 0 ) , D $ ( 5 )
2045  DIM A ( 2 0 ) , B ( 2 0 ) , C ( 2 0 ) , D ( 2 0 )
2060  PRINT
2 0 7 0  PRINT "Do y o u  want to  put graph on p l o t t e r ? "
2080  INPUT B$
2090 IF B$="YES" THEN 2120
2100  y=32
2110 GO TO 2130
2120  V=1
2130 PRINT "Input t i t l e . "
2140 INPUT A$
2150 PRIMT " I nput da.ta  f  i  1 e nuinber. "
2160  INPUT R
2170 PRINT @40:A$,L$
2180  PRINT @40:L$
2190 W=0 
2200  M=0 
2210 8=0 
2220 FIND R
2230 READ @33:C$,P,D$,N  
2235  PRINT @40:C$;P;D$;N,L$
2240 FOR 1=1 TO N
2250  READ @ 3 3 : A ( I ) , B ( I ) , C ( I ) , D ( I )
2258  PRINT @40:L$
2260  PRINT @40:"Charge con e ,  and e r r o r  i s  " ? A ( I ) , B ( I ) , L $
2270 PRINT @40:"Hydration and e r r o r  i s  " ; C ( I ) , D ( I ) , L $
2280 PRINT @40:L$
2290  E ( I ) = A ( I ) * C ( I )
2300  F ( I ) = ( ( B ( I ) / A ( I ) ) ^ 2 + ( D ( I ) / C ( I ) ) ^ 2 ) ^ 0 . 5 X E ( I )
2310  K=F( I ) ~2
2320 W=W+1/K
2330  NEXT I
2340 FOR 1=1 TO N
2350 M=M+E( I >/ F( I  )---2
2360 NEXT I
2370  M=M/W
2380  PRINT @40:"pH o f  b u f f e r  i s  " ;P ,L$
2390  PRINT @40:L$
2400 FOR 1=1 TO N 
2405  PRINT @40:L$
2410 PRTNT @40:"(ChargeXH rd ra t i  o n ) f o r  e x p t , "? I ?
2 415  PRINT @40:" i s  " ; E ( I ) , L $
2420  PRINT @40: "Error f o r  e x p t .  " ? I ? " i s  " ? t (I ) ,  L.$
2425  PRINT @40:L$
123.
2430 S = S K E ( I ) - M ) ~ 2 / F ( I ) ~ 2  
2440  NEXT I
2450 S = ( S / ( ( N - ] ) # W ) ) ~ 0 . 5  
2460  PRINT @40:L$
2470 PRINT @40:
2400  PRINT @:40: "Mean o f  cha rge X h v d r a t i o n  i s " ? M, L.$
2490 PRINT @40: "Standard e r r o r  :l s " ? S , L$
2520 PAGE
2530 PRINT "Do you want to  draw new axes?"
2535  WINDOW - 1 , 1 2 , - 2 0 , 2 0 0  
2540 INPUT B$
2550 IF B$="NO" THEN 2730
2560 PAGE
2565 PRINT @V:A$
2570 1 $= " C hi a r g e X H d r a h i o n /  rnM "
2590  AXIS e V : l , 2 0  
2600 FOR U=1 TO 11
2610 MOVE e V : J  0 . 3 , - 9
2620 PRINT eV:J  
2630 NEXT J 
2640 MOVE e V : S . 5 , - 1 5  
2650 PRINT @V:"pH"?
2660 FOR ...1=20 TO 180 STEP 20
2670  MOVE e V : - 0 . 8 , J - 2
2680 PRINT @V:J
2690  NEXT J
2700 MOVE e V : - 0 . 7 , 1 0 0
2709  PRINT @V,2 5 : 9 0
2710 PRINT eV:Z$
2711 PRINT @V,25:0  
2720  MOVE e V : 0 , 0  
2730 MOVE @V:P,M 
2740 RDRAW @V:0,S 
2750 RDRAW @V: 0 . 1 , 0  
2760 RDRAW @V:- 0 . 2 , 0  
2770 RMOVE @V: 0 . 1 , 0
2780 RDRAW @V:0, 2*S
2790 RDRAW @V: 0 . 1 , 0  
2800 RDRAW @V:- 0 . 2 , 0  




Accepts keyboard in p u t of hydration  and ( i n t e r f i b r i l l a r  spacing)^ 
and p lo ts  a graph. Accepts keyboard input of slope and in te rc e p t 
(ob ta ined  from curve f i t t i n g  program) and draws ap p ro p ria te  l in e .
100 REM PLOTS GRAPH OF D~2 AGAINST H 
110 I N I T
120 CALL " R A T E " , 1 2 0 0 , 0 , 2  
130 L#=C HR (10 )
140 PRINT "HOW MANY POINTS ARE THERE?"
150 INPUT Z 
160 DIM D ( Z )
170 DIM H ( Z )
ISO PRINT " INPUT VALUES OF D""2 AND H FOLLOWED BY RETURN. "
190 FOR 1=1 TO I
200  INPUT D ( T ) , H ( I )  '
210  NEXT I
220  PRINT "WHICH SYMBOL DO YOU WANT?"
230  PRINT "TRIANGLE = 1, SQUARE = 2 ,  DIAMOND = 3 "3
235  PRINT "NO SYMBOL = 4 .  "3 
240  INPUT Q
250  WINDOW -  1 , 1 5 ,  5 0 0 , 7 1 0 0
260  PRINT "DO YOU WANT TO PUT GRAPH ON GRAPH PLOTTER? "? 
270  INPUT R$
280  I F  R$<>"YES"  THEN 310  
290  LET N=1 
300  GO TO 320  
3 10  LET N=32
320  PRINT "DO YOU WANT TO DRAW NEW AXES? "?
330  INPUT T$
340  PAGE
350  I F  T $ < > "Y E S "  THEN 510  
360  AX IS  @N:1 , 5 0 0  
370  FOR 1=2 TO 15 STEP 2 
380  MOVE @N:1 - 0 . 3 , - 3 0 0
390  PRINT @ N : l ;
400  NEXT I
410  MOVE @Ws1 1 , - 5 0 0
420  PRINT @N:"HYDRATION";
430 FOR 1=1000 TO 8 0 0 0  STEP 1000 
440  MOVE @N: 0 . 6 , I 100 
450  PRINT @ N : I / 1 0 0 0  
460  NEXT I
470  MOVE @ N : - 0 . 7 , 3 2 0 0  
480  PRINT @N,2 5 : 9 0
490  PRINT @ N : " ( I . F .  SPACING) /  1 0 0 0 /n m "
500  PRINT @ N ,25 :0  
510  MOVE @ N :0 ,0  
520  FOR 1=1 TO Z 
530  MOVE @ N : H ( I ) , D ( I )
540  GOSUB Q OF 1 0 0 0 , 1 0 7 0 , 1 1 6 0 , 1 2 4 0  
550  NEXT I
125-
560  PRINT " INPUT SLOPE AND INTERCEPT UP L I N P . "  
570  INPUT S ' T  
5U0 MUVL # N : 0 " 0  
590 MOVE @NrO,T
6.00 DITAW @N : H ( Z ) -i 1 , S K- ( H ( Z )  ^1 ) i f 
660  PRINT " INPU T ERROR ON SLOPE"
670  INPUT P 
680 H l=7 
690  m = S % H l+ T  
7 0 0  MOVE @N:IU,OI.
710  RDRAW @ N :0 ,E * H I  
720  RDRAW @N: 0 . 2 , 0  
730  RDRAW 0 . 4 , 0  
/ 4 0  MOVE @ N : H I , D l  
750  RDRAW @N:0, ExTU 
760  RDRAW @N: 0 . 2 , 0  
770  RDRAW @ N : 0 . 4 , 0
7 30  PRINT "DO YOU WANT TO PLOT THIS DATA AGAIN?' 
790  INPUT A$
SOO TF A$="Y ES "  THEN 220
0 10  PRINT "DO YOU WANT TO PLOT NEW DATA?"
020  INPUT B$
030  [P D $ = "Y E 3 "  THEN 140
040  GO TO 9999
1000 REM DRAW TRIANGLE.
1 0 iO RMOVE @ N:0 ,24  
I02O07DRAW 0 . 0 5 ,  44
1030 RDRAW @N:0 . 1 , 0  
1340 RDRAW @N: ' 0 . 0 ? : , 4 4  
1050 RMOVE @ N ; 0 , 24 
1060 RETURN 
1070 REM DRAW SQUARE.
.U'TIO R:MOVE @ N :0 ,24  
1090 RDRAW @N: : 0,. 0 6 , 0  
l ; 0 0  RDRAW @ N : 0 , -43
11 10 RDRAW @N:0 . 1 2 , 0  
1120 RDRAW O N:0 , 4 3 ;
1130 RDRAW @ N : - 0 . 0 6 , 0  
1140 RMOVE @N:0 , - 2 4 '
1150 RETURN
1160 REM DRAW DIAMOND.
0  70 RMOVE @ N :0 ,24  
; i.30 RDRAW @Ns 0 . 0 6 ; - 2 4  
1190 RDRAW @ N : 0 . 0 6 , - 2 4  
1200 RDRAW @N:0 . 0 6 ^ 2 4  
1210 RDRAW @N: 0 . 0 6 , 2 4  






Accepts keyboard in p u t of hyd ra tion , ( i n t e r f i b r i l l a r  spacing)^ , and 
c o n s ta n ts ;-  dry f i b r i l  rad iu s  (R ^), d en s ity  of co llagen  ( ^ )  and 
value of G. C a lcu la tes  the percentage w ater apparen tly  p resen t as 
lakes using the model derived  in  chapter
100 I N I T
110 CALL " R A T E " , 1 2 0 0 , 0 , 2  
120 L$=C HR (10 )
130 PRINT " INPUT NUMBER OF VALUES OF II AND D'"2. "
140 INPUT N
150 DIM I I ( N ) , D ( N ) , A ( N ) , I I .1. ( N )
160 PRINT " INPU T VALUES OF H AND D ~ 2 . "
170 FOR 1=1 TO N 
130 INPUT M ( I ) , D ( I )
190 NEXT I
200  PRINT " IN P U T  DENSITY OF COLLAGEN., "
210  INPUT C
220  PRINT "IN P U T  VALUE OF G „ "
230  INPUT G
240  PRINT " IN PU T RADIUS OF F I B R I L . "
250  INPUT R
270 FOR 1=1 TO N
2 8 0  II l ( I )  = ( D ( I ) / (  4KRXR > -i G - 1 ) / C
290  A ( I ) = ( H ( I ) - H 1 ( I ) ) * 1 0 0 / H ( I )
3 0 0 , NEXT I
310  PRINT "DO YOU WANT TO USE L IN E PR IN TER ?"
320  INPUT A$
330 IF  A$="Y ES "  THEN 360
340  Z=32
350  GO TO 370
360  2=40
370  PAGE
380  PRINT @ 2 : "DENSITY OF COLLAGEN = " ; C , L $
390  PRINT @ 2 : "RADIUS OF F IB R IL  = " ? R , L $
400  PRINT @ 2 : "VALUE OF G = " ? G , L $
410  PRINT @Z:L$
420 PRINT @ Z : " H Y D R N ( w t . ) " , " H Y D R N ( i n t . s p . ) " , " I N T . E I B . S P .  
4 25  PRINT @ 2 : "LAKE WATER",L$
430 FOR 1=1 TO N
4 40  PRINT @ Z : H ( I ) , I N T ( H 1 ( I ) * 1 0 0 ) / 1 0 0 , D ( I ) ; "
445  PRINT e Z : I N T ( A ( I ) # 1 0 0 ) / 1 0 0 , L $
450 NEXT I
460  PRINT "DO YOU WANT TO CHANGE THE F I B R I L  RADIUS?"
470  INPUT B$
480  I F  B$="Y ES "  THEN 240
490 PRINT "DO YOU WANT TO CHANGE VALUE OF G?"
500  INPUT C$
5 1 0  I F  C$="YES"  THEN 220
520  PRINT "DO YOU WANT TO CHANGE VALUE OF DENSITY?"
530  INPUT D$
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